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ABSTRACT 
Glancing Angle Deposition (GLAD) based Cu nanospring films are a promising 
form of film that combines high electrical and thermal conductivities with robust 
mechanical performance. This dissertation research focuses on quantifying the 
mechanical performance and environmental stability of GLAD-based materials via film-
level and individual nanowire experiments.  
The compressive behavior of GLAD-based Cu nanospring films was quantified at 
the forest level by axial compression experiments performed on films with heights 
varying from 2.9 µm to 10.6 µm that resulted in 2.5-10 coil turns. Individual springs had 
coil diameters in the range of 2.5-4.1 µm and wire radii of 120-230 nm. For compressive 
stresses up to 70 MPa, the normal moduli of the Cu nanospring films were in the range of 
35-315 MPa exhibiting a decreasing trend with increasing nanospring layer height due to 
the diminishing effect of boundary conditions. Irrecoverable compression took place at 
high compressive stresses of the order of 110 MPa, which amounted to 50% strain and 
resulted in a permanent set of 0.6-1.1 µm within the nanospring layer, which was less 
than 15% of the initial nanospring layer height. 
The shear response of Cu nanospring films was also investigated. The shear 
moduli were in the range of 65-190 MPa retaining the inversely proportional trend of the 
compressive moduli with respect to the nanospring layer height for films with identical 
coil/wire diameters and helix angles. An inversely proportional correlation was also 
established between the shear strength values and the nanospring layer height. The 
former dropped from 62.6±3.1 MPa to 42.7±3.9 MPa as the nanospring layer height 
increased from 2.9 µm to 10.6 µm. Finally, films with larger nanowire diameter and 
smaller helix angle exhibited higher shear strength reaching 74.8±3.3 MPa.  
The experimental results were compared with elasticity models with increasing 
fidelity with respect to the actual boundary conditions of the test specimens. A 
formulation based on a kinetic symmetry assumption, nulling of all degrees of freedom 
except the extensional one at the upper end of a helical spring, captured most accurately 
the compressive response of nanospring films. An uncertainty analysis emphasized the 
contribution of coil radius and wire diameter to the value of the compressive modulus of 
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nanospring films. In the case of shear response, a formulation developed by strain energy 
minimization, assuming zero angular rotation at both ends of a helical spring, was the 
most effective in capturing the experimental trends in shear response. Unlike the case of 
compressive modulus, the coil diameter was not an influential geometric parameter on 
the shear response, whereas the wire diameter again emerged as the key design 
parameter. 
Since monolithic thin films of Cu have been shown to be prone to thermal 
oxidation even at low temperatures, the complex effects of near ambient temperature 
exposure, i.e. 20-150 ºC, on the chemical stability and the mechanical properties of pure 
Cu nanostructures were investigated by means of thermal solution grown faceted Cu 
nanowires, whose effective diameters were similar to the coil diameters of the Cu 
nanosprings. The mechanical behavior was quantified with experiments on individual Cu 
nanowires using a MEMS-based method for nanoscale mechanical property studies. The 
elastic modulus of pristine Cu nanowires with diameters in the range of 300-550 nm was 
117±1.2 GPa which agreed very well with polycrystalline bulk Cu, while the ultimate 
tensile strength was more than three times higher than bulk Cu, averaging 683±55 MPa. 
Remarkably, annealing at only 50˚C resulted in marked strengthening by almost 100% 
while the elastic modulus remained unchanged.  
Heat treatment in ambient air distinguished three regimes of oxidation: (a) 
formation of a thin passivation oxide for temperatures up to 50˚C, (b) formation of 
thermal oxide obeying an Arrhenius type process for Cu+ migration at temperatures 
higher than 70˚C, which was accelerated by grain boundary diffusion resulting in 
activation energies of 0.17-0.23 eV, and (c) complete oxidation following the Kirkendall 
effect at temperatures higher than 150 ˚C and for prolonged exposure times, which did 
not obey an Arrhenius law. Notably, the formation of a weaker and more compliant 
thermal Cu2O did not compromise the effective strength and elastic modulus of oxidized 
Cu nanowires: experiments in Ar environment at temperatures higher than 70ºC showed 
mechanical strengthening by ~50% and ultimate stiffening to about 190 GPa that is close 
to the upper limit for the elastic modulus of single crystal Cu in the <111> direction. 
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NOMENCLATURE 
The following symbols are listed according to the order of their appearance in this 
dissertation: 
α Spring rise angle, also called helix angle 
d Spring wire diameter 
l Total length of central line of helical spring 
D Mean coil diameter 
p Spring pitch 
n  Number of turns of spring coils 
h Total height of helical spring 
F Axial compressive force 
δ Net change (in the quantity following this symbol) 
G Shear modulus 
ka Axial stiffness 
Efilm Compressive film modulus 
B* Composite second moment of area of nanospring wire cross-section 
C* Composite polar moment of inertia of nanospring wire cross-section 
R Mean coil radius 
E Young’s modulus 
x 
 
 
 
τ0
s
 Residual surface stress 
Es Surface elastic modulus 
Gs Surface shear modulus 
ρ Mean radius of wire cross-section 
J Polar moment of inertia  
L Circumferential length for a complete turn of a nanospring coil   
c Spring index, i.e. ratio of coil diameter to wire diameter  
δb Lateral deflection at the non-fixed end of nanospring due to the action of 
the bending moment 
Λ Flexural rigidity of helical nanospring 
I Moment of inertia of nanospring wire cross-section 
V Shearing force on nanospring wire cross-section 
U Strain energy 
ξ Relative displacement due to shearing force in the plane of a single coil 
γ Slope of the lateral deflection caused by the action of the shearing force 
δs Lateral deflection at the non-fixed end of nanospring due to shearing 
δt Total deflection at the non-fixed end of nanospring  
kt Transverse stiffness of nanospring 
Gfilm Shear modulus of nanospring film 
ν Poisson’s ratio of nanospring material 
xi 
 
 
 
La Active height of helical nanospring 
Y The shape factor in Sparing’s formulation for the transverse stiffness of a 
helical spring 
lc Length of the center line of the wire cross-section per unit radian angle 
Θ Total angle of rotation of a helix in radians 
ω Shear correction factor 
Q Moment arm applicable at any arbitrary point along the centerline of 
helical spring structure during in-plane shear 
 Average strain rate 
y Final thickness of the Cu2O layer 
y0 Initial thickness of the Cu2O layer 
k(T) Temperature dependent reaction rate of the parabolic oxide growth law 
Ea Activation energy for diffusion 
Ψ Reaction potential term of the Arrhenius equation 
T Oxidation temperature 
t Duration of oxidation 
Ψ0 Rate constant of the Arrhenius equation  
R0 Universal gas constant 
σUTS Ultimate tensile strength 
a Side length of the pentagonal cross-section of a pentatwinned nanowire 
xii 
 
 
 
r Radius of the circumscribing circle of the circumscribing circle of the 
pentagonal cross-section of a pentatwinned nanowire 
Eeff Effective elastic modulus of an oxidized bimaterial nanowire 
μ Effective shear modulus of an entire coupon sample 
τmax Shear strength of a coupon sample 
Tapp Applied torque 
Ω Angle of twist per unit length of a coupon sample 
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CHAPTER 1  
 
 
 
INTRODUCTION  
Nanoscale structures such as nanowires, nanobelts, and nanosprings may enable a 
multitude of novel applications ranging from ultra-sensitive sensors and high speed 
interconnects to flexible electronics and photovoltaics [1-8]. In some applications, 
nanostructured integrated thermal and/or electrical interfaces emerge as a promising 
multifunctional material system due to their unique scale-dependent mechanical and 
structural behavior and their high electrical and thermal transport properties [8-11]. A 
versatile microfabrication method for multifunctional nanostructured films and interfaces 
is the Glancing Angle Deposition (GLAD) [8-10,12]. The method is compatible with 
microelectronics fabrication methods for integrated 3-D circuits or chip interconnects 
[13,14]. In those applications, mechanical reliability is critical because of significant 
thermomechanical loads that are experienced during operation. Thus, quantitative 
characterization of the mechanical and failure properties of GLAD-based advanced 
multifunctional thin film materials is timely and constitutes the focus of this Ph.D. 
dissertation. Specifically, the correlation between compressive or shear moduli of GLAD-
based films and the geometrical parameters of individual springs is essential for 
understanding the importance of collective mechanical interactions within nanospring 
layers. Furthermore, the environmental stability of nanospring films represents a 
significant research frontier where changes in the mechanical behavior, structure and 
chemistry are intertwined. 
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1.1 Engineered Multifunctional Interfaces  
Engineered interfaces in advanced materials and structures aim at increasing the 
mechanical, thermal and electrical compatibility of dissimilar materials that are integrated 
in one system [15]. The overall behavior of the system could be tailored through strict 
control or engineering of its interfaces so that desirable combinations of mechanical, 
thermal, electrical, magnetic, optical etc. performance requirements can be met 
simultaneously [5,12,16]. However, a robust interface with optimal dual functionality, 
such as high mechanical compliance and thermal conductivity, poses an engineering 
challenge due to the orthogonal nature of the physical mechanisms that provide optimal 
values for the aforementioned properties.  
Metals, alloys and metal matrix composites exhibit high native thermal 
conductivity as compared to polymers [17], but their 1-2 orders of magnitude higher 
elastic moduli as compared to polymers [18] give rise to thermal stresses due to mismatch 
between the coefficients of thermal expansion of dissimilar media at an interface 
[19,20,21] thus resulting in stress singularities [22], much higher thermomechanical loads 
[19,23], and, therefore, interfacial failure after thermal cycling. Control of grain structure 
via optimal processing and treatment conditions [24] influences the inelastic mechanical 
response of bulk metals and their alloys but not their mechanical compliance [5,12,25].   
Porous metallic films fabricated by sintering via the incorporation of foaming 
agents in a conductive metal powder matrix can provide high isotropic mechanical 
compliance [26]. The magnitude of thermal mismatch stresses at an interface are 
significantly reduced by this approach [27], but the thermal transport properties of the 
resulting interface are compromised significantly due to the contribution of the reduced 
transport properties of the gas in the pores [28]. However, the use of porous metallic 
films points to the concept of structural compliance rather than relying solely on the 
intrinsic material behavior of monolithic building blocks.  
Advanced gas-phase processing techniques such as plasma-enhanced chemical 
vapor deposition (PECVD), molecular beam epitaxy (MBE) and reactive pulsed laser 
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deposition (RPLD) [29-31], made possible to produce thermally conductive functional 
thin films of metallic and organic compounds, with nanoscale features depending on the 
processing conditions and the physical and chemical state of the substrate [29,31-34]. 
 
 
Figure 1.1 Compliant thermal interface comprised of a carbon nanotube (CNT) forest. 
Although vertically grown CNTs have promising conductivity values, the significant 
contact resistance still remains a serious problem in high thermal management 
applications [5,12]. The true contact resistance values shown for the Si-CNT-Ag 
interface were measured at room temperature using a photoacoustic technique [33].  
 
Due to their superior thermal transport properties, carbon nanotubes (CNT) and 
nanostructures attracted interest for thermal interface applications. [5,12,35,36]. 
Vertically oriented multi-walled carbon nanotube (MWCNT) forests have been grown on 
Si substrates by means of direct current plasma-enhanced chemical vapor deposition 
(DC-PECVD) and metallic catalyst particles (Ni, Co, Fe) as the seed layer [32,33,36]. 
Although the thermal conductivity of CNTs is high, their compatibility with existing 
microelectronics packaging methods is limited due to the difficulty of forming a planar 
contact or cap layer above the carbon nanotube arrays without encountering substantial 
levels of contact resistance between dissimilar materials, as shown in Figure 1.1 [35,37].  
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On the other hand, MBE allows for the epitaxial growth of thin films of various 
materials. The epitaxial character of nanoscale constituents of the functional thin film 
layer is attributed to the slow growth sustained with low deposition rates at ultrahigh 
vacuum conditions [30,32]. An advantage of MBE compared to PECVD is its proven 
capability of achieving nanoscale constituents with specific orientations through control 
of the deposition angle [30,32]. Although promising results have been obtained for a few 
micron high, well-aligned nanorod arrays with interesting optical properties, the 
applicability this technique for achieving compliant films with high thermal conductivity 
has not been fully demonstrated; a planar thin film layer of low contact resistance cannot 
be directly deposited as a monolithic cap on top of nanorod arrays [5,35]. Additionally, 
the low deposition rate renders this technique extremely slow. RPLD on the other hand, 
produces functional thin films of several microns in thickness. Its most distinctive 
advantage is the catalyst-free growth of nanoscale metallic or semiconductor structures as 
the high energy of the pulsed laser evaporates the target source material without the need 
for high vacuum conditions [31,32,38]. Single-sided growth of the functional thin film 
layer is achieved by exposing the substrate to the gas of the deposition material for a 
short time and then turning it over so that the growth of nanorods can take place on the 
back side even in standard room conditions [32]. Although well-aligned, columnar and 
periodically arranged nanoscale features taller than those by PECVD or MBE can be 
formed by this method, oblique growth is not possible since the growth direction is solely 
determined by the reaction kinetics.  
A modification of common gas-phase processing methods, which enables wafer-
level fabrication of functional thin films with nanoscale features is GLAD [8-10], which 
is also termed Dynamic Oblique Deposition (DOD). GLAD capitalizes on the versatility 
of PVD methods applied to a rotating substrate oriented at an oblique angle with respect 
to the source of incident vapor flux [39]. Feature size of the nanoscale constituents of the 
interfaces fabricated by this method could be as small as tens of nanometers [9,10]. By 
controlling the rotational speed of the substrate and the flux, and adjusting the tilt angle 
of the deposition source, it is possible to fabricate a large variety of different nanoscale 
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features, including helices, columns, zigzags, oblique pillars and their combinations in a 
multilayered form, as shown in Figure 1.2 [39]. 
 
 
Figure 1.2 In series GLAD deposited (a) columns, (b) helices, (c) head of timpani 
mallet, (d) zigzag structures, and (e) a continuous cap [11].   
 
Such GLAD layers could be as high as ten microns [8-10], and be fabricated by 
conducting metals, which provides significant multifunctionality [11,35,40]. The 
compliant nature of GLAD-based films also has the promise to alleviate 
thermomechanical strains at interfaces while maintaining a reduced interfacial thermal 
resistance [8,10,11]. This dissertation research focuses on the mechanical performance of 
GLAD films as compliant layers and quantifies experimentally their normal and shear 
compliance and strength. 
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1.2   Glancing Angle Deposition (GLAD) Based Thin Films 
In  GLAD process, nuclei forming on the target substrate create a self-shadowing 
effect, as shown in Figure 1.3, such that the growth of nanostructures is confined to 
certain planes and directions governed by atomic diffusion and nucleation kinetics [8-
11,39]. The self-shadowing effect controls the areal density of GLAD-based thin films, 
which, in turn, determines the effective film properties [41,42]. 
  
  
 
Figure 1.3 (a,b) Nucleation and diffusion events along with self-shadowing effect 
control of the areal density of GLAD nanostructures. (c,d) Oblique deposition and 
substrate rotation for morphology definition of nanoscale constituents of a GLAD film. 
(e) Substrate rotation applied with fixed angular frequency during oblique deposition 
leads to the formation of a helical nanospring film. Figures were drawn after [39]. 
Atom 
Substrate 
Diffusion 
Nucleus 
Shadowed 
Un-shadowed 
α: Deposition angle 
β: Resultant 
columnar angle 
α β 
Substrate 
α 
Rotation 
Flux 
Substrate 
Monolithic cap  
GLAD-based 
nanospring layer  
Patterned seed 
layer (optional) 
(a) (b) 
(c) (d) 
(e) 
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Nanoscale features can be fabricated without substrate rotation, which results in 
oblique pillars or vertically oriented columnar nanostructures, Figure 1.2, by just 
coordinating the deposition angle and the flux [8-11]. Simultaneous rotation applied at a 
fixed angular frequency leads to helical spring structures, Figure 1.3, which are 
symmetric with respect to their vertical growth axis due to the continuous cancellation of 
the lateral momentum of the incident flux of the source material [8-11,39]. If rotation of 
the substrate is induced at non-constant angular frequencies or with discretized time 
intervals, zigzag structures could be formed, as shown in Figure 1.2 [11,39].  
A key aspect of GLAD-based thin films, which grants them compatibility with 
existing microelectronics packaging and integration processes, is the relative ease to 
fabricate a planar, continuous solid cap on top of a nanostructured layer [8-11]. The cap 
is formed by gradually increasing the incident angle of the deposition flux until it 
becomes perpendicular with respect to the substrate [10]. Residual stresses associated 
with the deposition are eliminated this way so that integrity issues such as cracking or 
delamination are prevented [8,10]. In addition to acting as a physically protective layer 
for the underlying nanostructured film, a capping layer of the same material ensures 
connectivity, transport property match and diminished contact resistance issues at the 
interface [5,8,12,28,29]. 
Applications of GLAD-based thin films have been identified in optics and 
photonics, such as non-reflective film coatings [43], optical anisotropy based waveguides 
[44-46], polarizers [44], retardation plates and photovoltaic energy harvesters [45]. 
Studies on optical properties of functional thin films made of stoichiometrically optical 
compounds, such as SiO2, TiO2, Nb2O5, CuInS2, and Y2O3, also revealed that the 
deposition angle has a crucial effect on the optical characteristics of GLAD films [43-46]. 
Another application of GLAD-based films is sensors and detectors with extremely high 
signal-to-noise ratios due to the immense sensitivity of nanoscale structures to changes in 
their environment. For example, the assembly of two Au electrodes between a SiO2 
substrate and an uncapped nanostructured film layer of GLAD-based TiO2 was used as a 
capacitive bridge to sense changes in the relative humidity [47,48]. In contrast to current 
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existing humidity sensors, the GLAD-based nanostructured sensing element could detect 
changes in the relative humidity over the broad range of 2 - 95% as the capacitance value 
of the measurement element varied over three orders of magnitude [47].  
From the thermal interfaces point of view, the most distinctive advantage of 
GLAD-based nanostructured thin films is that their mechanical stiffness could be at least 
two orders of magnitude smaller than that of equally thick monolithic thin films [49] so 
that the mechanical compliance could successfully mitigate thermal strains [5,8,12,33, 
50,51]. Since the mechanical compliance is imparted to the overall mechanical response 
of a thermal interface film through nanostructural shape modification rather than intrinsic 
mechanical properties [8,42,50], the choice of the material for the functional layer of the 
interface can be made solely based on thermal transport properties [8,12,33]. 
 
1.3 Background and Motivation 
As explained in the preceding section, helical springs are a preferred shape for 
compliant thermal interface applications [8,9,11,50]. Despite their anticipated potential as 
compliant thermal interfaces, the combined role of geometric and elastic parameters in 
defining the mechanical response of nanospring films is still not well understood, 
especially the relationship between the individual nanospring behavior and the collective 
forest level behavior. Furthermore, the effect of atmospheric oxidation at slightly 
elevated temperatures, which are well within the operating range of heat sinks, on the 
mechanical integrity of nanosprings remains another uncharted territory of importance.  
Prior studies of the mechanical response of GLAD-based nanostructured films 
have relied on nanoindentation. Seto et al. measured the compressive stiffness of 3 μm 
thick nanostructured SiO films with a SiO cap with the help of rounded spherical 
indenters of 1 and 120 μm tip radii [52]. The measured stiffness values provided a 
resonance frequency for individual nanosprings on the order of tens of MHz, which is a 
desirable regime for wave-type devices and resonators [52]. The authors identified a few 
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shortcomings of the method, such as the assumption of an indenter with flat circular 
shape instead of hemispherical, uncertainties stemming from substrate effects, and the 
lack of an analysis of the complex load distribution at the contact region in the vicinity of 
the indenter tip [52]. Finally, the continuous cap was taken as an idealized layer 
transmitting the load only vertically, whereas, as acknowledged by the authors, lateral 
load transfer within this layer was likely to reduce the net force responsible for the 
measured deformation [52].  
More recently, first Hirakata et al. [42] and then Sumigawa et al. [50] improved 
some experimental aspects of the same nanoindentation based technique for GLAD-based 
nanospring films. Their test material was ditantalum pentoxide (Ta2O5) helical 
nanosprings thin films sandwiched between a 200-280 nm thick Ta2O5 cap and a standard 
Si wafer substrate or a 500 nm thick Ta2O5 base, as shown in Figure 1.4 [50]. The 
nanosprings were deposited at an angle of 82° with a deposition speed of 0.1 nm/s. They 
were 560 and 690 nm high, had coil diameters of 100±10 nm, 150±20 nm, and 180±20 
nm, and wire diameters of 40±10 nm and 60±10 nm, with 3.5 and 5.5 turns [50]. Unlike 
the experiments by Seto et al. [52], a clear area definition of the test regions was achieved 
by carving out 1.9-13.2 μm2 rectangular areas by Focused Ion Beam (FIB) milling, as 
shown in Figure 1.5, [50,53], while load was applied by a diamond tip [50]. The vertical 
and lateral forces and the displacements were measured with an atomic force microscope 
(AFM), which provided ~1.5 nm displacement and 2 µN force resolution [50]. Different 
tip morphologies were utilized for stiffness measurements in different directions. To 
prevent cracking in the cap layer during compressive loading, a conical tip with a large 
radius of curvature (R = 1 µm) was used [50]. In shear loading, sample displacements 
were induced by a pyramid tip with a vertex angle of 60° so that slipping at the point of 
contact was prevented. The loading configurations and the load-displacement 
relationships from compression and shear tests of Ta2O5 helical nanospring films are 
shown in Figure 1.6(a-d). 
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(a) 
 
(b) 
Figure 1.4 (a) Cross-sectional SEM image of Ta2O5 nanospring film tested in axial 
compression and lateral shear [50]. (b) Specimen configuration for tested Ta2O5 
nanospring film: Helical nanosprings of 560 nm height (hs) were sandwiched between a 
280 nm thick (hcap) Ta2O5 cap and a 500 nm thick (hbase) Ta2O5 base. The area of the test 
regions (S) was varied in the range of 1.9-13.2 µm2 [50]. 
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The improved mechanical characterization technique used first by Hirakata et al. 
[42] and then by Sumigawa et al. [50] was the first direct experimental effort to measure 
the lateral stiffness of a GLAD-based nanospring thin film and the clear area definition of 
test regions through FIB milling. Its most important merit was the method of specimen 
preparation [50] which significantly reduced the effects of lateral redistribution of the 
applied load through the capping layer. On the other hand, as with the previously 
discussed approach by Seto et al. [52], localization of the applied load in the vicinity of 
the indenter contact point during compression and shear testing poses questions about the 
accuracy of the uniformity of the displacement boundary conditions that were assumed 
for the entire test region [50]. 
 
 
Figure 1.5 Ta2O5 nanospring film test regions defined via FIB milling [50,53]. 
 
3 μm 
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(a) (b) 
 
 
(c) (d) 
Figure 1.6 (a) Vertical loading method by Sumigawa et al. (b) Representative force vs. 
displacement curve obtained during vertical loading test of a Ta2O5 nanospring film 
sample with 3.3 µm2 planar area [50]. (c) Lateral loading method by Sumigawa et al. 
(d) Representative force vs. displacement curve obtained during lateral loading test of a 
Ta2O5 nanospring film sample with 6.4 µm2 planar area [50]. 
 
Similarly, in the case of shear loading, the pyramid tip established contact only 
along one edge of the test region, Figure 1.6(c,d), and the applied concentrated line load 
was assumed to be distributed uniformly to the entirety of the test sample without 
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considering the effect of the distance or the substrate [50]. The experimental study by Liu 
et al. [54] did not encounter the issue of non-uniform loading in the experimental works 
of Seto et al. [52], Hirakata et al. [42] and Sumigawa et al. [50] by restricting the size of 
the test region to an individual helical nanospring grown without a cap. A conical AFM 
tip made of single crystal Si was used to compress 4 μm tall individual helical 
nanosprings, whose load-displacement relationship was determined by an AFM [54]. The 
force vs. displacement curves of individual Si nanosprings remained linear up to an 
applied displacement of 40-80 nm [54]. In agreement with expectations, nanosprings with 
larger wire cross-section exhibited a stiffer response and spring stiffnesses in the 3-10 
N/m range were measured [54]. No transverse stiffness measurement could be performed 
with this technique as mechanical interactions due to adjacent nanosprings on the 
patterned template could not be avoided [54]. Although this particular study is a 
significant experimental milestone in the mechanical testing of individual helical 
nanosprings, it is not straightforward to translate the single spring measurements into 
nanospring film properties. 
Despite these thorough experimental efforts, there still are no studies available in 
literature on the permanent deformation of nanospring films under high compressive 
loads or the effect of exposure to slightly elevated temperatures. Therefore, a motivation 
of this dissertation research was to elucidate the mechanical behavior of GLAD-based 
nanospring films by means of forest level compression and shear experiments as a 
function of the geometric parameters of the individual nanosprings comprising the 
forests. Understanding the effects of atmospheric oxidation at slightly elevated 
temperatures on the mechanical behavior and durability of GLAD-based nanospring films 
constitutes an equally important objective, since such films are expected to encounter 
such conditions in thermal interface applications. 
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1.4 Objectives and Procedures of this Dissertation Research  
A previous experimental study conducted in our laboratory pointed to the 
suitability of Cu for the fabrication of compliant films with significant reduction in 
compressive stiffness [49]. Therefore, this dissertation aimed at further quantifying the 
mechanical behavior of GLAD-based Cu nanospring films as a function of their 
geometric parameters by means of forest (film) level compression and shear experiments. 
The present experiments also address for the first time the compressive stress at the onset 
of permanent spring deformation, as well as the shear strength of forests of films. The 
experimentally-determined values of compressive and shear stiffness could then be 
compared with theoretical estimates based on theory of elasticity analytical formulations 
for helical springs. The second main objective was the investigation of the mechanical 
effects of atmospheric oxidation at temperatures falling within the operational range of 
thermal interfaces comprised of pure metallic nanostructures. For this reason, straight 
faceted Cu nanowires with diameters comparable to those in GLAD-based Cu nanospring 
coils were selected as the material system for oxidation studies. 
The experimental methods applied in this research for compression and shear 
testing of GLAD-based nanospring interfaces capitalize on and improve on previously 
developed methods in our laboratory [49] with distinct merits as compared to other 
experimental techniques discussed in the previous Section, such as the application of 
uniformly compression or shear to well-defined test regions without the need to account 
for the test apparatus compliance. Furthermore, unlike AFM or SEM based techniques, 
the experimental method utilized in this dissertation relies on optical microscopy for 
metrology, which simplifies experimentation significantly. Finally, individual faceted Cu 
nanowires with diameters of the order of 300-500 nm were oxidized at temperatures in 
the range of 22°C-150°C and tested for their mechanical response by a versatile MEMS-
based testing method developed in our laboratory [55], which allows for easy 
experimentation under an optical microscope. 
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CHAPTER 2  
 
 
 
COMPRESSIVE BEHAVIOR OF GLAD-BASED COPPER 
NANOSPRING FILMS 
Experimental measurements of the elastic-plastic compressive behavior of 
GLAD-based Cu nanospring films are very important for the efficient design of 
nanospring-based interfaces, because they provide validation data for analytical and 
computational models that capture the effect of geometric parameters of individual 
nanosprings. Film level experiments with nanospring films have been reported before for 
small numbers of films [50,53], which due to edge effects may not be representative of 
the compressive behavior of extended nanospring films encountered in actual 
applications. However, for large areas under compression, the force alignment emerges as 
the critical experimental parameter so that a uniform compressive stress is imparted to a 
nanospring film. In this research, a custom built apparatus was employed to apply a 
desired uniform pressure and obtain an independent measurement of the film 
compression. Post mortem measurements of the permanent set in the nanospring films 
provided an estimate for the stress threshold for an elastic compressive response. 
 
2.1      GLAD Films for Compression Experiments 
The compressive behavior of 8 different types of GLAD-based Cu nanospring 
films provided by GE Global Research was investigated. Specifically, the films from 
Runs 31, 32 and 33, Figure 2.1(a-c), consisted of densely coiled helical Cu wires with 
heights in the range of 3.1 - 4.3 µm, which were capped with a 1.5 µm thick solid Cu film 
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and an additional 600 nm thick top coating comprised of Ti, Ni and Au. The nanosprings 
in films from Runs 31, 32, and 33 had a coil radius of ~1.25 µm and were Ni plated by an 
electroless process. Among all Cu nanospring films, only those from Run 31 were grown 
on a thin W foil, whereas a Si wafer served as substrate for Runs 32, 33, 40, 41, 42, 75 
and 90. The films from Runs 40, 41 and 42 differed from Runs 31, 32 and 33 in terms 
their wire and coil radii, and the number of turns of nanospring helices. Runs 40, 41 and 
42, Figure 2.1(d-f), had the same coil radius of 2.1 µm, a wire radius of ~0.19 µm, but 
different heights of 2.9 µm, 5.7 µm and 10.6 µm, corresponding to 2.5, 5 and 10 turns of 
a helix. The cap layer of Run 40, 41 and 42 films consisted solely of vapor deposited Cu, 
whose thickness was 1.2 µm. 
The nanosprings from Run 75, Figure 2.2(a), were very close to Runs 40, 41 and 
42 in terms of their coil diameter with an average value of 3.9 µm. Since the films from 
Run 75 were 4.6 µm tall, geometrically speaking they corresponded to an intermediate 
case between Runs 40 and 41 in terms of the height of the nanospring film. As it was the 
case with the cap layer of Runs 40, 41 and 42, Run 75 films had a vapor deposited 
monolithic Cu cap, whose thickness averaged 2.2 µm.  
Finally, nanospring films from Run 90, Figure 2.2(b), had a coil radius of 1.6 µm, 
which was the same as that of Runs 40, 41 and 42. In terms of height, Run 90 films fell in 
between Runs 41 and 42 with a value of 8.9 µm. In contrast to all other films, Run 90 
lacked a cap layer. The geometric details of the helices, the caps and the substrates of all 
GLAD-based nanospring films tested for in compression are summarized in Table 2.1. 
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(a) (b)  
 
 
(c) (d)  
 
 
(e) (f)  
Figure 2.1 Nanospring films from Runs (a) 31, (b) 32, (c) 33, (d) 40, (e) 41, and (f) 42. 
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(a) (b)  
Figure 2.2 Nanospring films from (a) Run 75, and (b) Run 90. No cap layer was 
deposited on top of the nanospring film for Run 90. 
Table 2.1 GLAD-based nanospring films tested for their compressive behavior. 
Sample 
Type 
Coil 
diameter 
(µm) 
Wire 
diameter 
(nm) 
Nanospring 
film height 
(µm) 
Number 
of turns 
Cap material(s) 
and total thickness 
(µm) 
Subst-
rate 
Run 31 2.5 245 3.1 2.5 Cu/Ti/Ni/Au – 2.1 W 
Run 32 2.5 245 3.5 3 Cu/Ti/Ni/Au – 2.1 Si 
Run 33 2.5 245 4.3 4.5 Cu/Ti/Ni/Au – 2.1 Si 
Run 40 4.1 385 2.9 2.5 Cu – 1.2 Si 
Run 41 4.1 385 5.7 5 Cu – 1.2 Si 
Run 42 4.1 385 10.6 10 Cu – 1.2 Si 
Run 75 3.9 460 4.6 2.5 Cu – 2.2 Si 
Run 90 3.2 380 8.9 10 none Si 
2 µm 3 µm 
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      Experimental Method for Compression Experiments 2.2
GLAD-based helical Cu nanospring films grown either on Si wafers or W foils, 
with or without a monolithic cap layer, were compressed uniformly under an optical 
microscope to quantify their axial stiffness. Ion milling by a FIB was used for precise 
area definition and edge uniformity of a compression test region. As shown in Figure 
2.3(a), square or rectangular test regions of the order of several tens of thousands μm2, 
namely in the range of 150 × 150 μm2 - 450 × 600 μm2, were prepared through this 
approach. In order to prevent mechanical interactions between the test region and its 
surrounding a sharp razor blade, or ultra-fine microsurgical blades attached to a manually 
operated X-Y stage, were used to remove the nanosprings in the immediate vicinity of the 
defined compression location, resulting in film delamination without introducing damage 
to the test area, as shown in Figure 2.3(b). 
 
 
 
(a) (b)  
Figure 2.3 (a) A 200×200 µm2 test area from Run 31 for uniform compression 
experiments. The three squares in the test region are windows opened via ion milling to 
observe the effect of compression on the nanospring film under the cap. (b) Top view 
optical image of a ~200×200 µm2 test area in a film from Run 31 prepared by ion 
milling and removal of the neighboring nanosprings with a microsurgical blade.  
100 µm 
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To ensure well-controlled compression, single crystal Si wafers were cut with a Si 
dicer to square and rectangular shapes whose lengths and widths slightly exceeded the 
dimensions of the compression test regions. The flat side of the Si pieces was used to 
press onto the nanospring film via the actuation of a linear PZT stepper motor and 
produce uniaxial compression, Figure 2.4. The orientation of the Si probe with respect to 
the test region was controlled with vertically (top view) and horizontally (side view) 
mounted microscopes, and the required tilt corrections were performed with a 
combination of precision rotation stages and fine adjustment micrometers. 
 
 
 
 
 
 
 
 
Figure 2.4 Side view (not to scale) of uniform compression of a nanospring film.  
 
The test samples were attached with cyanoacrylate adhesive to a rectangular Al 
prism which was mounted to a Delrin® specimen holder via set screws. The entire 
assembly was attached in series to a Honeywell miniature load cell, whose capacity was 
determined prior to each compression experiment depending on the desired compressive 
stress to the nanospring film and the area of the compression region. Load cells of 50 g, 
Substrate 
Cap layer 
Si probe displaced vertically 
uprobe 
usubstrate 
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250 g, or 10 lb rated capacity were used for compression experiments whose non-
repeatability did not exceed ±0.1% of their full range. The hysteresis was limited to 
±0.15% of the full range for 50 g and 250 g load cells and to ±0.1% for the load cell with 
10 lb capacity. The analog signal which was generated by the load cell was digitized by 
the A/D converter circuit within the National Instruments SR-11800 signal conditioning 
box and recorded via a Labview interface. Calibration of the load cells was performed 
periodically with the aid of dead weights of known mass placed on top of the load cells 
with a vertical shaft. 
The deformation of the nanospring film was measured optically by recording the 
motion of the surfaces of the Si probe, uprobe, and the substrate (Si wafer or W foil edge), 
usubstrate, with a CCD camera at 5 Hz sampling rate and with 465 nm/pixel resolution at 
1024 × 768 pixels frame size. Digital Image Correlation (DIC) was used to calculate the 
relative motion of the two surfaces and hence the net displacement of the nanospring 
film, unet, with sub-pixel accuracy [49,56,57]. As inferred from Figure 2.4: 
unet= uprobe- usubstrate (2.1) 
The underlying assumption in Equation (2.1) is that the monolithic cap and the 
substrate are rigid. This assumption was confirmed by the experimental results which 
showed that the compressive stiffness of the Cu nanospring films was on the average 
three orders of magnitude smaller than bulk Cu. 
Finally, the compressive modulus, Ecomp, of a nanospring film was determined by 
multiplying the slope, kcomp, of the experimental curve of the applied load vs. net 
displacement with the ratio of the nanospring film height, Hspr, to the total area, Acomp, of 
the compressed region as: 
 = 	


 
 
(2.2) 
 
22 
 
 
 
      Experimental Results 2.3
The nanospring films from Runs 31-33, consisted of densely coiled electroless Ni 
plated Cu helices with heights 3.1 µm, 3.5 µm and 4.3 µm, respectively. The cap layer 
was comprised of a solid, 1.5 µm thick, Cu layer and a 600 nm thick terminal coating of 
Ti, Ni and Au. The compressive modulus extracted from the force vs. displacement 
response of nanospring films from Run 31 was 315.2±16.3 MPa. The compressive 
stiffness of Run 31 films at low stress levels was measured in a series of nine successive 
loading/unloading cycles between 0-15 MPa. Ecomp, as calculated by using Equation 2.2, 
is plotted in Figure 2.5 as a function of the progression of these loading/unloading cycles. 
The average compressive stiffness of the sample was 315.2±16.3 MPa. This value of the 
compressive modulus validated the assumption that the nanospring film was much more 
compliant than the cap layer. The elastic modulus of the monolithic Cu cap layer is 
expected to be comparable to the Young’s modulus of isotropic Cu (120 GPa [58]), 
namely ~3 orders of magnitude higher than that of the nanospring film. 
 
 
Figure 2.5 Compressive modulus of a Run 31 film as a function of loading/unloading 
cycle number in the 0-15 MPa stress range. 
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The compressive stiffness of Run 32 films was first measured from a series of ten 
compressive loading/unloading cycles between 0-20 MPa, Figure 2.6, and subsequently 
from another series of five compressive loading/unloading cycles performed at higher 
stresses, between 30-70 MPa as shown in Figure 2.7. The effective compressive modulus 
was 269.2±12.9 MPa for the initial compressive stress regime between 0-20 MPa, 
whereas its value very slightly increased to 272±6.3 MPa for the higher compressive 
stress regime between 30-70 MPa with a discernable decrease in the standard deviation. 
In both cases, the unloading modulus was slightly higher than the loading modulus due to 
a springback or backlash behavior of the nanospring film in the unloading phase of each 
cycle. Similarly, the compressive stiffness of films from Run 33 was measured from a 
series of eight loading/unloading cycles performed within the stress range of 0-25 MPa, 
Figure 2.8. The compressive modulus of 276.6±22.8 MPa was calculated via Equation 
2.2, while the unloading modulus was again slightly higher than the loading modulus. 
The consolidated results for each respective sample group of Runs 31-33, based on the 
averages of uniform compression tests of nanospring films up to 70 MPa are provided in 
Table 2.2. 
 
Figure 2.6 Compressive modulus of a Run 32 sample as a function of 
loading/unloading cycle number in the 0-20 MPa stress range.  
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Figure 2.7 Compressive modulus of a Run 32 sample as a function of 
loading/unloading cycle number in the 30-70 MPa stress range.  
 
 
Figure 2.8 Compressive modulus of a Run 33 sample as a function of 
loading/unloading cycle number in the 0-25 MPa stress range.  
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Table 2.2 Compressive stiffness of nanospring films from Runs 31-33 based on the 
averages of all uniform compression tests of nanospring films up to 70 MPa. 
 
Run 31 Run 32 Run 33 
Compressive 
modulus (MPa) 
[# of tests] 
315.2±16.3 
[9] 
 
270.6±10.2 
[15] 
 
276.6±22.8 
[8] 
 
The effective compressive modulus of nanospring films from Runs 40 (2.5 turns), 
41 (5 turns) and 42 (10 turns) was measured in 3 separate compression tests performed at 
mean stress values in which the specimen was subjected to 10 loading-unloading cycles 
in the force range corresponding to 10-15 MPa. An example of the force vs. total 
nanospring film displacement curve within the compressive stress range of 35-45 MPa is 
shown in Figure 2.9 and the computed compressive modulus values are given in Figure 
2.10. Compared to Runs 31-33, the adhesion of the nanospring film to the Si substrate 
was much stronger for Runs 40-42 and consequently FIB milling at the perimeter of the 
test region was not sufficient to initiate peeling of the adjacent nanosprings by simply 
pushing laterally with the tip of a sharp razor blade. This practical difficulty was 
circumvented by plowing through the neighboring nanospring film in two opposite 
directions parallel to the edge of the intended compression region until complete removal.  
In order to account for the reduced height of the nanospring films subjected to 
compressive stresses with a large offset, optical microscopy images of the test region 
were taken at a low stress (~2 MPa) at full contact with the Si probe, and at the lower 
bound of the applied cyclic stress range so that the pre-test height change of the 
compressed nanospring film could be calculated by DIC. Then, the effective compressive 
modulus was calculated based on Equation 2.2 using the adjusted height value instead of 
the initial undeformed height of the nanospring film. The film moduli obtained at 
different maximum stress levels for Run 40 (2.5 turns) are shown in Figure 2.11. 
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Figure 2.9 Representative force vs. total nanospring film displacement curve for 
nanospring films from Run 40 (2.5 turns) in the 35-45 MPa stress range.  
 
As shown in Figure 2.11, after an adjustment of the nanospring film height, the 
effective compressive nanospring film modulus for Run 40 (2.5 turns) was consistent at 
all stress levels. The difference between the highest unloading modulus and lowest 
loading modulus was only ~6% of the average compressive modulus value, which clearly 
indicates that the compressive mechanical response of the nanospring films from Run 40 
was consistent for applied stresses up to 45 MPa. There was a slight increase in the 
compressive modulus by less than 3% for stress levels between 30 - 45 MPa, which was 
attributed to increased mechanical interactions between individual helices within the 
nanospring film. The total height of nanospring films from Run 40 (i.e. seeding layer + 
nanospring film + cap layer) was measured before and after each test by a 3D confocal 
laser microscope (Olympus OLS 3100). A sample 3D image and a representative height 
profile of a test region are shown in Figure 2.12(a,b), respectively. Based on 12 
measurements, the total height of seeding layer + nanospring film + cap layer for Run 40 
(2.5 turns) was 6.0±0.3 µm, which remained unchanged after successive compressions up 
to 45 MPa, thus, indicating no permanent set of the nanospring film at these stress levels.  
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Figure 2.10 Compressive modulus for a Run 40 (2.5 turns) sample in the 35-45 MPa 
stress range.  
 
Figure 2.11 Compressive modulus of a nanospring film from Run 40 (2.5 turns) for 
different maximum compressive stress levels. The error bars correspond to one 
standard deviation of the loading/unloading data.  
0
100
200
300
400
0 1 2 3 4 5 6 7 8 9 10 11
Co
m
pr
es
si
v
e
 
fil
m
 
m
o
du
lu
s 
(M
Pa
)
Test number
Loading
Unloading
0
50
100
150
200
250
300
350
30 45 20
Co
m
pr
e
ss
iv
e
 
m
o
du
lu
s 
(M
Pa
) 
Max. compressive stress (MPa) 
Loading
Unloading
Succession of experiments 
28 
 
 
 
The compressive modulus of samples from Run 41 (5 turn helices) was measured 
from 3 compression tests, similarly to the procedures applied to samples from Run 40. A 
representative plot of force vs. total nanospring film displacement is shown in Figure 
2.13. The compressive modulus based on the actual height of the nanospring film at the 
beginning of the compression experiment (i.e. adjusted for the change in height with 
increasing compressive load applied prior to reaching the lower bound of the intended 
stress regime) is plotted in Figure 2.14 as a function of test number. At compressive 
stresses in the 7.5-15 MPa range, the compressive moduli calculated using the deformed 
nanospring film height obtained through digital image correlation (DIC) were 240.6±19 
MPa and 251.0±18.5 MPa for the loading and unloading cases, respectively. At 
compressive stresses in the 35-45 MPa range, the compressive modulus was 236.4±17.1 
MPa for the loading case and 249.3±11.5 MPa for the unloading case. Subsequently, 
compressive stresses in the 10-20 MPa range resulted in effective compressive modulus 
values of 233.7±7.6 MPa and 244.1±7.9 for loading and unloading respectively.    
As shown in Figure 2.15, the effective compressive moduli are consistent for 
stresses up to 45 MPa, once the initial height change of the nanospring layer due to the 
compressive force offset is taken into account. The difference between the highest 
unloading modulus and the lowest loading modulus, was 8% of the average, indicating 
that the compressive mechanical response of the nanospring films was not sensitive to 
applied stresses up to 45 MPa. Furthermore, the total height of the entire film stack (i.e. 
seeding layer + nanospring film + cap layer), which was measured before and after each 
compression test using the 3D confocal laser microscope, remained unchanged at 9.8±0.6 
µm after successive compressions up to 45 MPa, similarly to Run 40 films. A 3D image 
and a height profile of a test region for Run 41 are shown in Figure 2.16(a,b).  
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(a) 
 
 (b)  
Figure 2.12 (a) Height image of a nanospring film test region from Run 40 (2.5 turns). 
(b) Step height from the topography profile shown in (a).  
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Figure 2.14 Compressive modulus for a film from Run 41 (5 turns) subjected to 
compressive stress in the range 35-45 MPa.  
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Figure 2.13 Force vs. total nanospring film displacement curve for a film from Run 41 
(5 turns) subjected to compressive stress in the range 35-45 MPa. 
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Figure 2.15 Compressive modulus of a nanospring from Run 41 (5 turns) for different 
maximum compressive stress levels. The error bars correspond to one standard 
deviation of the loading/unloading data. 
 
For Run 42 (10 turn helices), the compressive modulus of the nanospring layer 
was measured from 3 tests at 3 different stress levels. Each sample was subjected to 10 
loading-unloading cycles covering a compressive stress range of 10 MPa. The applied 
force vs. total nanospring layer displacement for a representative experiment is shown in 
Figure 2.17. The hysteresis in this and previous plots was due to the change in the focal 
height of the Si probe attached to the tip of a polymeric (Delrin®) probe holder in the 
load train. Replacement of the polymer probe holder with an Al one reduced the 
hysteresis noticeably. The compressive modulus for the 50-60 MPa compressive stress 
range, obtained based on the deformed height of the nanospring layer, is plotted in Figure 
2.18 as a function of test number. 
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(a) 
 
(b) 
Figure 2.16 (a) 3D image of a test region from a Run 41 (5 turns) nanospring film. (b) 
Step height measurement obtained from the topography profile shown in (a).  
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Figure 2.18 Compressive modulus for a film from Run 42 (10 turns), which was 
subjected to compressive stress in the range 50-60 MPa.  
 
0
100
200
300
0 1 2 3 4 5 6 7 8 9 10 11
Co
m
pr
es
si
v
e 
m
o
du
lu
s
 
(M
Pa
)
Test number
Loading
Unloading
 
Figure 2.17 Force vs. total nanospring layer displacement for the compression of a 
sample from Run 42 (10 turns) in the 50-60 MPa stress range.  
22
25
28
31
34
-2 -1.8 -1.6 -1.4
Fo
rc
e
 
(N
)
Total displacement (µm)
34 
 
 
 
The loading and unloading moduli of the nanospring films from Run 42 (10 turns) 
were consistent up to 60 MPa compressive stress, Figure 2.19. Noticeable stiffening of 
the elastic response took place at 110 MPa applied stress. In addition to permanent spring 
deformation (compaction), this stiffening behavior could be attributed to increased 
mechanical interactions between individual helices under compression since higher 
compressive forces would bring the coils of an individual spring closer and result in 
radial expansion of the helices, which, in turn, would increase the physical contacts 
between adjacent nanosprings as the film layer progresses under compression.  A 3D 
image and height profile of a Run 42 (10 turns) test region including the entire film stack 
(i.e. seeding layer + coil layer + cap layer) are shown in Figure 2.20(a,b). Based on 12 
measurements for each compression test region, the total height of the film stack was 
14.0±0.5 µm, which remained unchanged after cyclic compression up to 60 MPa. In 
contrast, a slight decrease in the total height from 14.0±0.5 µm to 13.4±0.7 µm occurred 
after compression at 110 MPa, due to permanent set of the nanospring layer which 
corresponded to 4.3 % of the initial spring height. 
 
Figure 2.19 Compressive modulus of the nanospring layer of Run 42 for different 
maximum compressive stress. Error bars are equal to one standard deviation. 
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(a) 
 
(b)  
Figure 2.20 (a) 3D image of a test region of Run 42 (10 turns) nanospring film, (b) 
Step height measurement obtained from the topography profile shown in (a).  
 
 
The consolidated results from Runs 40-42 obtained by statistical averaging of the 
compressive modulus values extracted from the aforementioned uniform compression 
tests of nanospring films up to 45 MPa (when available) are provided in Table 2.3. 
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Table 2.3 Compressive stiffness of nanospring films from Runs 40-42 obtained by 
statistical averaging of compression tests up to 45 MPa when available. 
 
Run 40 Run 41 Run 42 
Effective 
compressive 
loading modulus 
(MPa) 
[# of cycles] 
292.4±11.9 
[30] 
 
236.7±15.4 
[30] 
 
197.9±9.3 
[10] 
Effective 
compressive 
unloading 
modulus (MPa) 
[# of cycles] 
301.2±10.6 
[30] 
 
248.3±13.4 
[30] 
 
213.6±10.8 
[10] 
 
Samples from Run 75 were tested to assess the contribution of the wire radius to 
the compressive mechanical behavior of nanospring films. As shown in Figure 2.21, the 
springs from Run 75 had almost twice the wire diameter (~460 nm) of Runs 31, 32 and 
33 with a wire diameter of 245 nm. The coil diameter of films from Run 75 was very 
close to that of Runs 40, 41 and 42 (3.9 µm vs. 4.1 µm), whereas the 460 nm wire 
diameter of Run 75 represented a 44% increase in the cross-sectional area with respect to 
Runs 40, 41 and 42. Unlike samples from Runs 40-42, relatively big gaps in the 
nanospring film mid-plane were observed in Run 75, Figure 2.21.  
The compressive modulus of Run 75 films was measured by compression tests in 
the middle of each of the four edges of the Si die bearing the nanospring films and for the 
following stress ranges: 1-5 MPa, 30-40 MPa, 50-60 MPa, 70-80 MPa and 100-110 MPa. 
The applied force vs. the total nanospring layer displacement curve and the extracted 
modulus for the loading-unloading cycles of a sample subjected to the compressive stress 
range 100-110 MPa are shown in Figure 2.22 and Figure 2.23, respectively. 
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A summary of nanospring layer compressive modulus measurements for Run 75 
is provided in Table 2.4.  The effective modulus exhibited an increasing trend with 
compressive stress, whereas within the 50-80 MPa range the response of the nanospring 
film was comparatively less influenced by the magnitude of applied stress. Another 
important observation was the significant reduction, amounting to almost one order of 
magnitude, in the compressive modulus of the nanospring film as a direct result of 
increasing coil radius, although the wire diameter was ~90% larger for Run 75 samples as 
compared to the samples from Runs 31-33 with 35% smaller nanospring coil radii. 
 
 
Figure 2.21 Nanospring film from Run 75. Image was taken with 180° rotation; hence, 
the Cu cap is shown at the bottom of the image. 
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Figure 2.22 Representative force vs. total nanospring layer displacement curve for a 
Run 75 sample subjected to 100-110 MPa compressive stress. 
 
 
Figure 2.23 Compressive modulus of Run 75 nanospring films vs. loading-unloading 
cycle number, derived from Figure 2.22.  
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Table 2.4 Compression results for Run 75. 
 
Compressive Stress Range (MPa) 
1-5 30-40 50-60 70-80 100-110 
Compressive loading 
modulus (MPa) 
[# of cycles] 
6.4±0.3 
[10] 
25.4±0.7 
[10] 
35.9±2.6 
[10] 
37.2±3.5 
[10] 
51.7±1.4 
[10×4] 
Compressive 
unloading modulus 
(MPa) 
[# of cycles] 
7.1±0.3 
[10] 
28.9±0.4 
[10] 
40.7±2.5 
[10] 
45.2±2.2 
[10] 
53.7±2.0 
[10×4] 
 
In order to evaluate the recovery of Run 75 nanospring films upon removal of the 
applied compressive stress, the height change was measured by comparing the average 
profile height between the test area and its immediate surrounding using confocal laser 
microscopy images, as shown in Figure 2.24 and Figure 2.25, respectively. Although 
asperities in the test regions arising from specimen preparation were flattened out during 
compression, no height change could be detected for stresses up to 80 MPa. However, for 
the 4 samples subjected to compressive stress in the range 100-110 MPa, the residual 
compression was 0.8±0.2 µm, which corresponded to 17.4 % of the initial spring height. 
Figure 2.26 and Figure 2.27 show four height profiles from rectangular test regions of 
nanospring films which were used to compute the amount of residual compression. 
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Figure 2.24 Confocal laser microscope image of a test sample from Run 75 before 
compression in the range of 100-110 MPa. 
 
 
Figure 2.25 Confocal laser microscope image of a test sample from Run 75 after 
compression in the range of 100-110 MPa. Notice the absence of asperities in the 
compression region as compared to Figure 2.24.  
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Figure 2.26 Height profiles of the Run 75 nanospring sample before compression in 
the range 100-110 MPa. The step height based on these 4 profiles is 9.6±0.2 µm.  
 
Lastly, the compressive behavior of nanospring films from Run 90 with coil 
diameter of 3,200 nm, Figure 2.28, was assessed. Similarly to the Run 75 films, gaps 
were present between individual helices in nanospring films from Run 90, as shown in 
Figure 2.28. The compressive modulus of uncapped films from Run 90 was measured by 
cyclic compression tests of 150×200 µm2 areas, Figure 2.29, in the following 
compressive stress ranges: 1-6 MPa, 30-40 MPa, 70-80 MPa and 110-120 MPa. Each test 
was performed at a location close to the midpoint of one of the 4 edges of a 1×1 cm2 Si 
substrate. An example applied force vs. nanospring film displacement curve and the 
extracted nanospring film compressive modulus from the loading and unloading cycles of 
a Run 90 sample subjected to a compressive stress range of 30-40 MPa, are shown in 
Figure 2.30 and Figure 2.31, respectively.  
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Figure 2.27 Height profiles of a Run 75 nanospring sample after compression in the 
range 100-110 MPa. The step height calculated based on these 4 profiles is 8.8±0.2 µm.  
 
 
Figure 2.28 Nanospring film from Run 90 grown without a cap on a Si wafer. 
0
2
4
6
8
10
12
0 100 200 300 400 500 600
H
e
ig
ht
 
(µm
)
Profile position (µm)
0
2
4
6
8
10
12
0 100 200 300 400 500 600
H
e
ig
ht
 
(µm
)
Profile position (µm)
0
2
4
6
8
10
12
14
0 100 200 300 400 500 600
H
e
ig
ht
 
(µm
)
Profile position (µm)
0
2
4
6
8
10
12
14
0 100 200 300 400 500 600
H
e
ig
ht
 
(µm
)
Profile position (µm)
43 
 
 
 
 
Figure 2.29 A 150×200 µm2 sample area on a Run 90 film prepared for uniform 
compression experiments. 
 
 
Figure 2.30 Force vs. total nanospring layer displacement curves for a Run 90 
nanospring film with a coil diameter of 3200 nm subjected to compressive cyclic 
loading (8 cycles) in the stress range of 30-40 MPa.  
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Figure 2.31 Compressive modulus of a nanospring film from Run 90 vs. loading-
unloading cycle number as derived from Figure 2.30. The unloading modulus is 
consistently higher than the loading modulus of the same cycle.  
 
A summary of Run 90 compression tests is provided in Table 2.5. The average 
modulus was 44.9±1.1 MPa under compressive stresses up to 80 MPa, whereas in the 
110-120 MPa stress range the response was stiffer with a modulus of 69.0±2.8 MPa. This 
trend could be due to restricted movement of interpenetrating helices as a result of 
compaction within the nanospring film. Another important observation was the positive 
effect of increasing the nanospring film height on retaining the uniformity of the elastic 
response of the nanospring films as the modulus remained within a much narrower 
interval of 41.4±1.5 MPa to 48.5±0.9 MPa for a merged applied compressive stress range 
of 5-80 MPa, as compared to previously tested nanospring films from Run 75, whose 
moduli increased monotonically from 6.4±0.3 MPa to 45.2±2.2 MPa within the same 
stress range. 
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Table 2.5 Compression results for Run 90. 
 
Applied Stress (MPa) 
1-6 30-40 70-80 110-120 
Compressive loading 
modulus of the NTI 
(MPa) 
[# of cycles] 
41.4±1.5 
[8] 
44.1±0.7 
[8] 
46.2±1.3 
[10] 
64.2±2.3 
[10] 
Compressive 
unloading modulus 
of the NTI (MPa) 
[# of cycles] 
42.3±1.1 
[8] 
46.9±0.8 
[8] 
48.5±0.9 
[10] 
73.8±3.3 
[10] 
 
Graphic comparisons of the compressive nanospring film loading and unloading 
moduli between Runs 75 and 90 are provided in Figure 2.32 (a,b). The difference in the 
compressive elastic responses of these nanospring films with comparable helix and coil 
radii but different nanospring layer heights is attributed to the increasing dominance of 
boundary conditions at the top and the bottom of the helices for shorter nanosprings. In 
order to assess the onset of permanent deformation in uncapped nanospring films due to 
compressive stress, the net height change was measured by comparing the average profile 
height differences between the test area and its immediate surroundings, as shown in 
Figure 2.34 and Figure 2.35. While surface asperities emerging along the edges of the test 
regions during specimen preparation were smoothened during compression, no 
significant height change could be established up to 80 MPa of applied compressive 
stress. However, for samples subjected to a maximum compressive stress of 120 MPa, a 
residual compression of 1.1±0.2 µm, namely 12% of the initial spring height, was 
observed. Figure 2.36 shows the height profiles of an uncompressed region and a film test 
location subjected to 120 MPa. 
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(a) 
 
(b) 
Figure 2.32 Compressive moduli of films from Runs 75 and 90 vs. maximum 
compressive stress applied during each (a) loading cycle, and (b) unloading cycle. The 
modulus of Run 90 was constant up to 80 MPa stress, whereas the modulus of Run 75 
increased monotonically with stress. The error bars are equal to one standard deviation 
of the respective data sets. 
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Figure 2.33 3D confocal laser microscope image of a test sample belonging to Run 90 
before compression in the 30-40 MPa stress range. The red dissecting plane indicates 
one of the 5 locations where the height profile was obtained.  
 
 
Figure 2.34 Confocal laser microscope image of a test sample from Run 90 before 
compression in the range of 110-120 MPa. The dissecting red planes indicate one of the 
locations where the profile height measurement was done to determine the original 
height of the nanospring film before compression. 
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Figure 2.35 Confocal laser microscope image of a test sample from Run 90 after 
compression in the range of 110-120 MPa. The dissecting red planes indicate one of the 
locations where the profile height measurement was done to determine the amount of 
the residual height reduction of the nanospring film. 
 
  
(a) (b) 
Figure 2.36 Height profiles of nanospring films from Run 90: (a) in an uncompressed 
region, and (b) a film test location after compression to 120 MPa. Based on the average 
of 5 profile measurements, the residual height reduction (i.e. the permanent set) of the 
nanospring layer is 1.1±0.2 µm. 
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SEM image, taken at test locations after compression at 120 MPa supported the 
amount of residual height reduction as determined via confocal laser microscopy. From 
SEM images such as those in Figure 2.37, it was established that irreversible spring 
tilting and collapse were more likely to occur at the interface between the Si die and 
initial section of helical nanosprings presumably due to the wider spacing between the 
helices as a result of the initial growth kinetics of the GLAD process. Lateral deflection 
with respect to the nanospring axis, partial buckling and varying degrees of 
interpenetration between helices were also observed in nanospring film areas as the 
compressive stress exceeded 80 MPa. 
 
  
(a) (b) 
Figure 2.37 Nanospring films from Run 90 at (a) an uncompressed region, and (b) a 
test site after 120 MPa compression. 
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 Conclusions 2.4
Nanospring film samples from Runs 31-33, 40-42, 75 and 90 were tested for their 
mechanical behavior under compression. The compressive modulus of samples from 
Runs 31-33 ranged from 276.6±22.8 MPa to 315.2±16.3 MPa and exhibited a decreasing 
trend with increasing nanospring film height, i.e. increasing number of coils. No 
significant difference was observed in terms of the compressive response of samples with 
W (Run 31) and Si (Runs 32 and 33) substrates. The trend of declining moduli with 
increasing nanospring film height was also preserved for samples from Runs 40-42. For 
compressive stresses up to 60 MPa, the compressive moduli were 305.9±9.7 MPa, 
251.0±18.5 MPa and 215.7±9.3 MPa for Runs 40, 41 and 42, respectively. The onset of 
permanent deformation was observed only for Run 42 films with the smallest effective 
compressive modulus among these 3 Runs. A height reduction of 0.6 µm, which 
represented 4.3 % of the initial spring height for Run 42 films, occurred for compressive 
stresses exceeding 110 MPa. The compressive modulus increased at high compressive 
stress, potentially due to increasing number contact sites between nanospring helices. The 
most significant increase in the effective compressive modulus was for Run 42 films, 
when it increased from 215.7±9.3 MPa to 251.4±9.9 MPa for compressive stresses 
between 60-110 MPa. Unlike previous films, a net dependence of the value of the 
effective compressive modulus on the applied stress was established for Run 75, which 
was attributed to the increase in the nanospring wire diameter. Notably, the presence of 
voids and the associated reduction in the spatial nanospring density lowered the effective 
compressive modulus to 40.7±2.5 MPa. The permanent set at high stresses amounted to 
0.8 µm, which corresponded to 17.4% of the initial spring height, in the compressive 
stress range of 100-120 MPa. On the contrary, Run 90 films exhibited relatively constant 
compressive stiffness of 46.2±1.3 MPa up to an applied stress of 80 MPa. The 
compressive modulus increased to 73.8±3.3 MPa as the compressive stress approached 
120 MPa which also resulted in permanent deformation of the nanospring film by 1.1µm, 
i.e. 12% of the initial spring height.  
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CHAPTER 3  
 
 
 
SHEAR RESPONSE OF GLAD-BASED COPPER 
NANOSPRING FILMS 
The shear response of GLAD-based Cu nanospring films is important when 
thermal mismatch stresses are present. Control of the in-plane shear response requires 
validated analytical or numerical models that can account for the boundary conditions in 
individual nanosprings and their interactions between within a GLAD film. In this 
Chapter, the effective shear stiffness and strength of Cu nanospring films are obtained by 
direct measurements of shear force and the corresponding displacement. The 
experimental results are discussed with respect to the details of the helical geometry of 
the particular nanosprings. 
 
3.1  Materials  
The shear response of 4 capped GLAD-based Cu nanospring films obtained from 
from GE Global Research was investigated. The geometrical details of the nanosprings 
produced by Runs 40-42 and 75 are presented in Table 2.1. Geometrically speaking, the 
nanosprings from Run 75 were very close to those from Runs 40-42 in terms of their coil 
diameter, with an average value of 3.9 µm and, in terms of height, corresponded to an 
intermediate case between Runs 40 and 41. SEM images of these 4 GLAD-based 
nanospring layers are shown in Figure 2.1(d-f) and Figure 2.2(a). 
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3.2  Experimental Methods 
The effective shear modulus of Cu-capped nanospring films was measured by in-
plane shear tests. A rectangular area of each nanospring film, prepared as described in 
Chapter 2 and shown in Figure 2.3(a,b), was loaded uniformly in shear with a 200-300 
µm wide and 12-18 mm long glass slide probe as shown in the schematic in Figure 3.1. 
This method for shear testing can be applied to capped films only. The force response of 
the test area was measured with a high resolution miniature load cell with 50 g full 
capacity, while the displacements of the top surface of the rectangular area and the 
substrate were optically recorded with a SONY CCD camera providing 465 nm/pixel 
resolution at 200× magnification with 1024 × 768 pixels frame size.  In order to bring the 
surface of the reference area to the same focal plane as the sample area, an identical glass 
slide probe was attached adjacently to the sheared test area as shown in Figure 3.2.  
 
 
 
 
 
 
 
 
Figure 3.1 Side view schematic (not to scale) of the loading configuration for uniform 
in-plane shear experiments with nanospring films. The heights of the components in 
the schematic are substrate = 675 µm, nanospring layer = 2.9-10.6 µm, cap layer = 1.2-
2.2 µm, adhesive layer 4-12 µm, and glass probe 130-170 µm.  
Substrate 
Cap layer 
 Flat borosilicate glass probe 
In-plane shear 
displacement 
applied via PZT 
actuator 
UV-curable adhesive 
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In-plane displacements were extracted numerically from optical images by 
applying DIC, which allowed for sub-pixel motion between frames to be computed. DIC 
analyses yielded uniform displacements within the reference and test region correlation 
areas with small spatial variability, compared to the net difference in the rigid body 
displacement between the two regions, as shown in a representative result in Figure 3.2. 
 
 
Figure 3.2 Displacement fields extracted by DIC in reference and test areas that were 
subjected to in-plane shear stress.  
 
Shear force vs. displacement curves were generated by calculating the shear 
displacements in the nanospring films as the difference between the displacements in the 
test and the reference regions. Figure 3.3 shows a shear force vs. displacement curve with 
an initially linear regime that corresponds to nanospring film shearing. Local debonding 
and yielding of the transparent epoxy layer occurred near the peak of the curve, which 
prevented the completion of the shear experiments until failure of the GLAD nanospring 
250 µm 
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(substrate 
displacement)
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films. The slope of the initially linear segment of the force vs. displacement curve 
provided the film shear stiffness, kfilm [mN/μm]. Since the angular deflection at the top 
surface of a nanospring film relative to its base on the Si wafer was small and the loading 
was assumed to be uniform across the test sample, the shear modulus, Gfilm, of the 
nanospring layer was calculated as: 
 = 	


 (3.1) 
where H is the height of the nanospring film without the cap and A is test sample area. 
The monolithic Cu cap layer was neglected in these calculations because it is much stiffer 
than the helical nanosprings, thus not contributing to the overall shear displacement. 
 
 
 
Figure 3.3 Shear force vs. displacement curve of a 23,450 µm² test area in a 
nanospring film from Run 40. 
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3.3      Experimental Results 
The effective shear modulus values for fabrication Runs 40-42 is plotted in Figure 
3.4 and the values are listed in  
Table 3.1. Three measurements were taken from each sample and the results were 
consistent within each sample set such that the largest standard deviation among these 
data did not exceed 12% of the mean value of the corresponding data set. The effective 
shear modulus and the number of coil turns, corresponding to the total height of the 
nanospring film, followed an inversely proportional trend. This result is expected, since 
an increasing spring height would lead to relatively smaller contribution of the spring 
ends. 
 
Figure 3.4 In-plane shear stiffness of nanospring films from Runs 40-42. The error 
bars correspond to one standard deviation. 
 
Table 3.1 In-plane shear moduli for films from Runs 40-42. 
Sample Run 40 41 42 
Shear modulus (MPa) 
[# of tests] 
179.2±9.2 
[3] 
111.1±11.7 
[3] 
68.4±4.9 
[3] 
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Figure 3.5 Image of a flat glass probe at 200× optical magnification after etching with 
ammonium/sodium bifluoride for 2 min, showing the surface roughness.  
 
In order to extract the shear strength of nanospring films, an aluminosilicate glass 
probe was attached to the top surface of the actual test region, as shown in Figure 3.6, and 
an in-plane shear experiment was carried out resulting in the failure of the nanospring 
film, while the applied force, F, and the substrate motion (i.e. the motion of the reference 
region), uref, were recorded in real time. The shear strength, τfilm, of the nanospring film 
was obtained by dividing the maximum applied force, Fmax, by the area, A, of the test 
region:    
 =

  (3.2) 
 
Representative SEM images of test regions from Run 40 (2.5 turns) acquired 
before and after shear failure are shown in Figure 3.7. A representative force vs. substrate 
displacement curve generated for the test region in Figure 3.7 is provided in Figure 3.8. 
Figure 3.7, Figure 3.9, Figure 3.10, and Figure 3.11 show the SEM images of 60 µm × 80 
µm test regions of Runs 40, 41, 42 and 75, respectively, after the shear tests were 
completed, with details about the location of the fracture plane within each nanospring 
film. 
150 µm 
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Figure 3.6 Side view (not to scale) of revised shear loading configuration showing the 
roughness introduced to the adhesive/glass probe interface to increase the bonding area.  
 
A summary of all shear strength results along with a comparison of the shear 
moduli obtained from tests with the aid of transparent adhesive are provided in Table 3.2. 
The shear strength values of films from Runs 40, 41 and 42 followed an inversely 
proportional trend with respect to the nanospring height, as shown in Figure 3.12. The 
nanospring films from Run 75 had an average shear strength value of 74.8±3.3 MPa 
which exceeded that of Runs 40-42.  
In terms of coil radius and nanospring layer height, Run 75 corresponded to a case 
between Runs 40 and 41. The large wire diameter of the nanosprings from Run 75 (460 
nm) compared to Runs 40-12 (385 nm) could have resulted in the higher values for the 
film shear strength for Run 75 (74.8±3.3) vs. Runs 40-42 (42.7±3.9-62.6±3.1). 
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(a) (b) 
 
(c) 
Figure 3.7 (a) SEM image of 60 × 80 µm2 test regions of Run 40 (2.5 turns) defined by 
ion milling. (b) SEM image of the region on the right hand side of (a) after shear 
failure. (c) SEM image of the region marked in red in (b). The feather-like formations 
are remnants of the nanosprings which failed close to the substrate, before the half turn 
location of their coils. 
 
60 µm 
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(b) 
Figure 3.8 Force vs. substrate displacement for the 60 × 80 µm2 test region shown in 
Figure 3.7(b) loaded under in-plane shear until failure. The maximum force prior to 
failure in shear was ~240 mN.    
 
  
(a) (b) 
Figure 3.9 (a) A 60 × 80 µm2 test region from Run 41 after a shear test. (b) Image of 
the region shown in red in (a). The feather-like formations are the remnants of the 
nanosprings which failed near the 1.5 turn location of their coils.  
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(a) (b) 
Figure 3.10 (a) A 60 × 80 µm2 test region of Run 42 after a shear test. (b) Image of the 
region shown in red in (a). The feather-like formations are remnants of the nanosprings 
which failed at their base. 
 
Table 3.2 Shear strength and modulus of films from Runs 40, 41, 42 and 75. 
Test Results 
Fabrication Run Number 
40 (2.5 turns) 41 (5 turns) 42 (10 turns) 75 
Shear strength (MPa) 
[# of tests] 
62.6±3.1 
[3] 
50.8±2.6 
[3] 
42.7±3.9 
[3] 
74.8±3.3  
[3] 
Shear modulus (MPa) 
 [# of tests] 
179.2±9.2 
[4] 
111.1±11.7 
 [4] 
68.4±4.9 
[4] 
147.7±9.8 
[4] 
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(a) 
 
(b) 
Figure 3.11 (a) A 60 × 80 µm2 test region of Run 75 after a shear test. (b) Image of the 
region shown in red in (a). The feather-like formations are the remnants of nanosprings 
which failed close to the first turn location of their coils. 
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Figure 3.12 Shear modulus of Runs 40, 41, 42 and 75. The error bars are equal to one 
standard deviation. 
 
 
 
Figure 3.13 Shear strength of Runs 40, 41, 42 and 75. The error bars are equal to one 
standard deviation. 
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On the other hand, considering the shear modulus values, Figure 3.12, it is 
concluded that the average shear moduli for Runs 40, 41, 42 and 75 were more sensitive 
to changes in the nanospring layer height than the shear strength, Figure 3.13. The values 
obtained from the opaque adhesive method consistently agreed with previous 
measurements and confirmed the noticeable stiffening trend with decreasing nanospring 
height, shown in Table 3.2 and Figure 3.12. The shear moduli obtained using the opaque 
adhesive were slightly higher, probably due to the difference between the elastic 
responses of the UV-curable epoxy and the polyurethane adhesive. 
 
3.4      Conclusions 
GLAD nanospring films from Runs 40-42 and 75 were tested under in-plane shear 
loading. An inversely proportional trend was established between the effective shear 
modulus and the number of coil turns, i.e. the total height of the nanospring layer, for 
Runs 40-42. Experimental values for the shear moduli of Runs 40-42 were in the range 
from 68.4±4.9 MPa to 179.2±9.2 MPa, thus exhibiting a stiffer response compared to 
films grown on unpatterned Si and W substrates, whose shear moduli were in the 15-25 
MPa range [49]. This was attributed to more efficient force transfer from the nanospring 
layer to the patterned Si substrate due to the reduced competition between initial growth 
sites of helical springs during the initial stages of GLAD, resulting in more uniform coil 
geometry and stronger coil interactions. The shear modulus of Run 75, 111.1±11.7, was 
between Runs 40 and 41, following the same inversely proportional correlation with 
nanospring layer height although its wire diameter was almost 20% larger than that of 
Runs 40-42.  
The shear strength of Runs 40-42 followed a declining trend with increasing 
nanospring height. It dropped from 62.6±3.1 MPa for Run 40 to 50.8±2.6 MPa for Run 
41 and then finally to 42.7±3.9 MPa for Run 42. The location of the fracture plane also 
changed with increasing height of the nanospring layer although no specific correlation 
could be identified with regards to this aspect. Run 40 samples failed on a plane close to 
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the substrate (before a half turn of their coils), whereas the fracture plane was higher for 
Run 41 at the 1.5 coil turn, and at the half coil turn for Run 42. In comparison, 
nanospring films from Run 75, which geometrically corresponded to a case between 
Runs 40 and 41 in terms of their coil radius and nanospring layer height, had average 
shear strength of 74.8±3.3 MPa and fracture occurred at the first coil turn. Differences in 
the rise angle and the diameter of the wire cross-section might be responsible for the 
uncorrelated relation between the shear strength and the location of coil fracture.     
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CHAPTER 4  
 
 
 
 COMPARISON BETWEEN ANALYTICAL MODELS AND 
EXPERIMENTS 
Chapters 2 and 3 presented experiments on the mechanical response of Cu 
nanospring films under compression and shear loading. Further interpretation of the 
experimental data and the established trends based on the geometric parameters of 
individual Cu nanosprings requires the use of analytical or computational models that 
will capture the role of geometric spring parameter and the spring end attachment 
`conditions. In this regard, five different formulations, with increasing level of analytical 
complexity and different assumptions about the constraining boundary conditions, were 
examined to make predictions for the compression and shear response of individual 
nanosprings. These models for individual springs were utilized together with the height 
and the areal density of nanosprings to obtain the effective compressive and shear film 
moduli and were compared to the experimental data.   
 
4.1  Analytical Models for the Compressive Stiffness of Nanospring Films 
Since all helical Cu nanospring films studied in the previous Chapters had wire 
diameters exceeding 200 nm and heights above 2.5 µm, the governing laws for their 
mechanical response under compression and shear still fall in the domain of continuum 
mechanics. The first elasticity based formulation for the mechanical response of springs 
was by Saint-Venant in 1843 [59]. He considered deformation of a single spring by an 
axial force without taking into account the shear component arising from the moment 
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couple. Later, Love provided a more general analysis for the combined axial force and 
moment couple assuming fully constrained boundary conditions (i.e. all 6 degrees of 
freedom were fixed) at the bottom end of the spring and allowing only for a non-zero 
translation along the spring axis at the other end [60]. Love’s formulation used kinetic 
symmetry and retention of the homologous character of the principal normals and 
binormals in the cross-sections along the centerline before and after deformation as 
underlying assumptions, which represented an extension of Saint-Venant’s basic 
assumption into non-circular cross-sections with kinetic symmetry. Love’s derivation 
inherently relied upon small deformations as differential terms were expanded only up to 
the first order. Later, Timoshenko investigated both small and large deflections by also 
considering the elastic instability [61]. The last major additions to theoretical modeling of 
helical springs before the advent of finite element analysis (FEA) were made by Wahl 
[62] and Chironis [63], who integrated a lumped stress correction factor to their analyses 
to account for the contribution of shear stress, radial symmetry related deformations and 
change in the spring rise angle (i.e. the helix angle). 
In this dissertation, the theory elasticity based derivations by Timoshenko [61], 
Wahl [62], Wang et al. [64], Kobolev [65] and Dym [66] were employed to calculate the 
axial rigidity of helical springs with circular cross-sections. However, in the following 
discussion, the underlying assumption for small spring rise angle (i.e. the helix angle) α 
resulting in cosα ≈1 and tanα ≈ sinα ≈ α is not made a priori by keeping the helix angle α 
within the derived expressions. 
As shown in Figure 4.1, for a helical spring with a circular wire cross-section of 
diameter d, p represents nanospring pitch and n is the number of coil turns. The total 
length of spring’s central-line, i.e. the unwound length l traces a spring with rise angle 
(i.e. helix angle) of α, coiled inside an imaginary cylinder with diameter D and thus 
defines the coil diameter. Taking h as the height of this cylinder, the beginning and end of 
the spring can be expressed in a cylindrical coordinate system through points (D/2,0.0) 
and (R,ωf,h), respectively. Then, according to Timoshenko and Wahl [61,62], the axial 
stiffness of the helical spring in Figure 4.1 is given by 
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k = F/δh =

8  (4.1) 
where F is the axial compressive force, δh is the net change in spring height, and G is the 
shear modulus. 
 
Figure 4.1 Geometric parameters of a helical spring with 3 number of turns (i.e. the 
coil number n=3). 
 
The analytical expression in Equation (4.1) uses strict kinetic symmetry condition 
(i.e. no warping or angular rotation at the perimeter of the wire with respect to the 
symmetry center) for the deforming nanowire cross-section and is applicable only to 
springs comprised of wires with circular cross-sections. The section from the axial center 
of the coils to the inner perimeter of the spring wire cross-section is considered to be 
hollow in the formulations by Timoshenko and Wahl [61-62], whereas for all tested 
nanospring forest films this section was filled with solid Cu during GLAD deposition as 
shown in Figure 2.1(a-f) and Figure 2.2(a-b). This resulted in a helical staircase-like 
morphology rather than a coiled cylindrical spring. To account for this difference, the 
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cross-section of the helical staircase was approximated by individual coils with closely 
spaced circular wire cross-sections touching each other only at a single point at the 
centerline of the staircase cross-section, which is oriented perpendicularly to the vertical 
spring axis as shown in Figure 4.2.  
 
 
Figure 4.2 Schematic of the geometric construct used for the analysis of the helical 
staircase-like morphology of GLAD nanosprings. The cross-section of the helical 
staircase was approximated by individual coils with closely spaced circular wire cross-
sections. The applied analytical models were derived for circular wire cross-sections 
satisfying the kinetic symmetry condition.  
 
Numerically, the contribution of each circular cross-sectional building block to 
the overall spring stiffness was calculated individually while spanning the entire distance 
along the radial symmetry line from the inner perimeter to the outer perimeter of the 
helical staircase and performing a summation operation. The resulting axial stiffness 
values, ka, were converted into compressive film moduli through multiplication with the 
thickness of the nanospring film, h, and the areal density of the nanosprings which is, 
1/D2 since a D×D area on the plane of the nanospring film was effectively covered by a 
single nanospring. Hence, the resulting expression for the compressive modulus Efilm of a 
nanospring film is given by: 
 =
	+
, =
+
8-  (4.2) 
.%/0&1		 
340.	 56&76/80&6 
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(b) 
Figure 4.3 SEM images for (a) Runs 31-33, and (b) Runs 40-42 films showing 
measurements of nanospring film thickness, coil diameter and wire diameter.  
 
(a) 
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(a) 
(b) 
Figure 4.4 SEM images for (a) Run 75, and (b) Run 90 samples showing 
measurements of nanospring film thickness, coil diameter and wire diameter.  
 
3 µm 
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Table 4.1 Geometric parameters of GLAD-based nanospring films of Runs 31, 32 and 
33, Runs 40, 41 and 42, Run 75 and Run 90. The brackets contain the number of 
measurements.  
 
Coil 
diameter 
(µm) 
Ratio  
(SD/ 
average 
coil 
diameter) 
(%) 
Nanospring 
film 
thickness 
(µm) 
Ratio  
(SD/ 
average 
height) 
(%) 
Wire 
diameter 
(nm) 
Ratio 
 (SD/ wire 
diameter) 
(%) 
 
Helix 
angle α 
(°) 
Run 
31 
2.47 ± 
0.24 
[15] 
9.7  
3.07±0.22 
[5] 
7.2 
243.2 ± 
40.9 
[15] 
16.8 
58±6 
Run 
32 
3.46±0.38 
[5] 
10.9 56.3±7.3 
Run 
33 
4.25±0.41 
[5] 
9.6 51±7.4 
Run 
40 
4.12 ± 
0.33 
[15] 
8.0  
2.93±0.14 
[5] 
4.8 
386.5 ± 
43.1 
[15] 
11.2 
44±4.6 
Run 
41 
5.72±0.26 
[5] 
4.5 43.5±4.5 
Run 
42 
10.66±0.38 
[5] 
3.5 41.5±4.2 
Run 
75 
3.87 ± 
0.29 
[5] 
7.5  
4.61±0.20 
[5] 
4.3 
461.7 ± 
65.1 
[5] 
14.1 52±5 
Run 
90 
3.23 ± 
0.38 
[5] 
11.7  
8.85±0.33 
[5] 
3.7 
377.3 ± 
47.5 
[5] 
12.6 37.0±4.5 
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Using the measured geometrical parameters for nanospring films from different 
fabrication runs, as shown in Figure 4.3 and Figure 4.4, and listed in Table 4.1, analytical 
estimates for the compressive modulus are plotted in Figure 4.5, together with 
experimental results. The error bars for the analytical estimates were determined 
according to the weighted RMS (weighted root-mean-square) approach using the 
standard deviation of each geometric factor. The experimental values used for 
comparison purposes were the highest compressive moduli measured in the stress range 
of 1-60 MPa. For instance, the onset of permanent deformation for Runs 42 and 90 
occurred at stresses > 80 MPa.  
 
 
Figure 4.5 Experimental compressive modulus measurements vs. predictions by the 
Timoshenko-Wahl analytical model [61,62].  
 
As shown in Figure 4.5, for most samples, the estimated spring film modulus 
agreed with the experimental measurements. For Runs 31-33, 75 and 90, the difference 
between analytical predictions and experimental measurements did not exceed 15% of 
the experimental mean, whereas for Runs 40-42 this difference was ~40%, with the 
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experimental values being consistently higher. The Timoshenko-Wahl model failed to 
capture the diminishing trend in the experimental compressive modulus values with 
increasing nanospring film thickness for Runs 40-42. The relatively higher mismatch 
between the predictions by the Timoshenko-Wahl model with the experimental 
measurements of Run 40-42 films, shown in Figure 4.6, was attributed to the helix angle 
of these samples that was almost 45º. For this angle the sine and cosine terms are of equal 
importance, while in the models these were simplified in favor of either one or other. 
 
 
Figure 4.6 Mismatch between experimental values and theoretical estimates for the 
compressive modulus by the Timoshenko-Wahl model vs. the helix angle of 
nanosprings. For helix angles close to 45°, the mismatch exceeded 30% of the 
experimental mean. The Run numbers are in parentheses adjacent to the data points.    
 
The second analytical expression that was investigated was developed by Wang et 
al. [64]. Their formulation extended the continuum elasticity based Kirchhoff’s theory of 
rods [67] to the domain of nanoscale helical structures by combining the deflection and 
angular rotation terms expressed in the Frenet coordinate system [64] with Gurtin and 
Murdoch’s theory of surface elasticity based strain energy derivations, such that the 
contributions due to residual surface stresses and variations in the state of stress from the 
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surface to the interior of the solid body were emphasized for springs with radii < 30 nm 
[64]. Their final analytical expression for the spring constant of a helical spring with 
circular wire cross-section is: 
k =
F
δh =
9∗;∗
<=,>;∗?@ ,A B 9∗CD?,AE F
2
< 
HI A (4.3) 
where B* and C* are the second moment of area and the polar moment of inertia of the 
wire cross-section , i.e. Equations 4.4 and 4.5, respectively, R is the coil radius, l is the 
total length of the helical spring centerline, and τs0 is the residual surface stresses. The 2-
D conformal (i.e. length and angle preserving) mapping of the helical spring geometry for 
the calculation of the term l is provided in Figure 4.7. 
 
 
 
Figure 4.7 2-D conformal (i.e. length and angle preserving) mapping of the helical 
spring geometry into a triangle. The hypotenuse of this triangle represents the length of 
the centerline of the helical spring. Note that the spring rise angle (i.e. the helix angle) 
is not the same in the left and right figures due to space constraints.    
Inserting the expressions: 
9∗ = 164πE
 F 18
 (4.4) 
" 
$ 
" 
$ 
8 = NDnsec"  
N#& 
Conformal 
mapping 
8 
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;∗ = 132πG +
1
4Q 
(4.5) 
summed with parallel axis theorem related terms (i.e. the cross-sectional area of each 
circular constituent of the helical staircase shown in Figure 4.2 multiplied with the square 
of the distance between the helix axis and its own centroid) into Equation (4.3) and 
assuming that all surface elasticity and residual stress terms (i.e. Es, Gs, τs0) are 
negligible, the axial stiffness of a helical spring with a circular wire cross-section can be 
expressed as [64]: 
k = F
δh =
2Q
64<=,|2?@ ,A − CD?,A| (4.6) 
 
Multiplying this expression with the thickness h of the nanospring film and the 
areal density 1/D2 of nanosprings, the expression for compressive film modulus Efilm is: 
 = 	ℎ, =	
2Qℎ
16<=|2?@ ,A − CD?,A| (4.7) 
 
Figure 4.8 shows that the analytical expression in Equation (4.7) overshot the 
experimental measurements by a large margin of ~100%. The error bounds of this model, 
calculated by assuming the same uncertainty as in the Timoshenko-Wahl model, were 
also fairly large as compared to the standard deviations of the experimental data. The 
reason for such wide error bounds could be the trigonometric expression of the helix 
angle A in the denominator of Equation (4.7). Since the nanospring films had helix angles 
in the 35°-60° range, Figure 4.6, where the sine and cosine functions take values close to 
each other, the numerical value of the denominator was diminished artificially. For the 
sake of consistency, the results reported here for the model by Wang et al. [64], and all 
other models pertaining to compressive behavior discussed later, were obtained by 
following the same approach as the previously discussed model by Timoshenko and 
Wahl, namely by approximating the whole wire cross-section via circular building 
blocks, whose individual stiffness contributions were additively accounted for. The 
model by Wang et al. [64] neglects the compression of the helical spring due to the twist 
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of the circular cross-section of the wire that results from the torque action of the 
compressive force F applied at the center of the helix axis. The absence of this mode of 
deflection results in predictions of much stiffer springs as observed in Figure 4.8. 
 
 
Figure 4.8 Comparison of experimental compressive modulus measurements with the 
analytical model by Wang et al. [64]. 
 
The third analytical model that was tested was by Kobelev [65], who formulated 
an exact analytical solution for the torsion problem of an incomplete torus, also 
applicable to non-circular cross-sectional geometries [65]. Kobelev’s solution extended 
the previously developed solution of the torsion problems for straight cylinders with 
circular and elliptical cross-sections to the practically relevant case of close-coiled helical 
springs with a complete coil angle of rotation equal to 2π [65,68]. The only insufficiency 
of Kobelev’s model was the lack of a spring pitch term. This was circumvented in this 
dissertation by dividing the spring stiffness expression for a single turn coil by the  
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number of turns of the springs within the nanospring film, such that a serially connected 
helical spring configuration was generated. Kobelev formulated the relevant elasticity 
equations of the posed torsion problem in terms of Prandtl’s stress function [65], which 
after accounting for the boundary conditions led to the following equations for the spring 
constant, ka, and the compressive film modulus, Efilm, of helical springs with ‘quasi-
elliptical’ cross-section [65]:  
k = F
δh =
2S
>,, + 4,S, + 4,S,E  (4.8) 
 
 
 = 	ℎ, =	
2Sℎ
>,, + 4,S, + 4,S,E  (4.9) 
 
The parameter ρ in Equations (4.8) and (4.9) represents the mean radius of the 
quasi-elliptical wire cross-section (i.e. the average of the radii along the major and minor 
axes) and is equal to d/2 for nanosprings with circular cross-section. A unique 
characteristic of the spring constant equation in Kobelev’s model is the disappearance of 
the resultant moment about the origin of the cylindrical coordinate system placed at the 
radial symmetry center of the helix. This verifies the static equivalency of the shear stress 
fields used in the formulation of this model to a compressive axial force, whose line of 
action is aligned with the axis of the helical spring [65]. 
As shown in Figure 4.9 with the exception of Run 75 and 90 samples, Kobelev’s 
model resulted in compressive modulus values which fell short of their experimental 
counterparts, in some cases, by more than 50%. Kobelev’s model captured the 
experimental trends based on the number of helix turns (i.e. the coil number) for Runs 
31-33. However, estimates based on Kobelev’s formulation were insensitive to the 
changes in the same geometric parameter in the case of Runs 40-42, which exhibited the 
largest discrepancy between the theory and test results, although the number of turns (2.5, 
5 and 10) were accounted for in a linear multiplicative fashion through the incorporation 
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of the term n in Equations (4.8) and (4.9). Run 40-42 samples had the largest coil 
diameter among all tested samples; the presence of a 5th order coil diameter term in the 
denominator of the compressive modulus expression in Equation (4.9) significantly 
amplified the dependence of Kobelev’s model to this particular parameter. 
Mathematically, this is the reason for decreasing the matching between Kobelev’s model 
and the experimental measurements, for increasing coil diameter. Mechanically, a 
drawback of Kobelev’s formulation is the omission of the helix angle α and its 
contribution to the overall stiffness of nanospring.  
 
 
Figure 4.9 Comparison of experimental compressive modulus measurements with the 
analytical model by Kobelev [65]. 
      
Lastly, a model developed by Dym was evaluated [66]. Dym computed the 
stiffness of an extensional spring via the application of Castigliano’s second theorem, 
which was consistent with the other models discussed in this Chapter. For example, the 
validity of the Timoshenko-Wahl formulation was proven through a limit case analysis 
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for closely packed coil springs with small pitch and rise angles [66]. Dym showed that 
the extensional/compressive stiffness of a helical spring is directly related to the torsional 
stiffness GJ of the spring coil’s cross-section [66]. This key outcome led to the 
conceptual leap in the modeling of the elastic response of a standard 
extensional/compressive spring as that of “a periodic set of n (the number of turns) 
straight rods of length L = πD in torsion” [66].  
Dym’s model for a helical spring contained the spring index c, which is defined as 
the ratio of the coil diameter to the wire diameter (i.e. c = D/d ), only in terms 
representing the deformation due to shear and normal force on a non-vertical cross-
section of the circular wire, which led to the following expressions [66]: 
k = F
δh =
4TCD?A
 Q UCD?,A + V
1
2C,W CD?,A +
?@ ,A
1 + X + V
1
4C,W
?@ ,A
1 + XY (4.10) 
 
 = 	ℎ, =
4TℎCD?A
 Q- UCD?,A V1 +
1
2C,W +
?@ ,A
1 + X V1 +
1
4C,WY (4.11.a) 
 
The term J in Equations (4.10) and (4.11.a), is the polar moment of inertia of the 
nanospring wire cross-section. The limit case of a very small helix angle α (i.e. α→0 such 
that sinα→0 and cosα→1) results in Equations (4.1) and (4.2) derived based on the 
Timoshenko-Wahl assumptions [61,62]. Elimination of the shear and extensional 
deformation contributions of spring index c by assuming large values for denominators 
(i.e. 2c2 and 4c2), leads to a further simplified form of Dym’s model, Equation (4.11.b), 
which was also evaluated in terms of its predictions together with the original 
formulation, Equation (4.11.a),  in comparison to experimental measurements. 
 = 	ℎ, =
4TℎCD?A
 Q- UCD?,A +
?@ ,A
1 + XY (4.11.b) 
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As inferred from Figure 4.10 and Figure 4.11, Dym’s model with or without the 
spring index term resulted in analytical estimates that were 30-50% of the experimental 
values, with the exception of Runs 75 and 90. As in the previously discussed models, the 
good match between experimental measurements and analytical predictions for Runs 75 
and 90 is attributable to a favorable combination of relevant geometric assumptions of 
Dym’s model with the helix angle α, which was 51.9° and 37.0° for Run 75 and 90, 
respectively. The shear and extensional modes of deformation were accounted for in 
Dym’s model through terms including the squares of sine and cosine of the helix angle α 
and thus inherently possessed a lesser accuracy in the vicinity of 45° where sine and 
cosine functions assume similar values. In addition, for Runs 75 and 90, the presence of 
hollow segments between individual nanosprings and along the central axis of the helical 
wire cross-section limited the nanospring interactions, thus yielding better agreement 
between the model and the experimental measurements. 
 
 
Figure 4.10 Comparison of experimental compressive modulus measurements with the 
analytical model by Dym, including the spring index term [66]. 
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As expected, the exclusion of the spring index containing the shear and 
extensional deformation terms in Equation (4.11.b) rendered the analytical predictions 
based on Dym’s model on average 30% stiffer. In terms of magnitude, Dym’s model 
successfully captured the experimental trends in the compressive modulus of the 
nanospring film as a function of the coil number (i.e. the number of turns of the helix) for 
Runs 31-33, whereas no definitive correlation could be extracted for Runs 40-42, 
probably as a consequence of the helix angle α being close to 45° and thus remaining 
within the least accurate geometric domain of Dym’s model as explained above.  
 
   
Contrary to the assumptions in the formulation by Timoshenko and Wahl [61,62], 
Dym’s model attributed the majority of the deformation of a helical spring under axial 
compression to the twist of the circular wire cross-section [66]. The more compliant 
 
Figure 4.11  Comparison of experimental compressive modulus measurements with 
the analytical model by Dym, excluding the spring index term [66]. 
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character of the analytical predictions by Dym’s model as compared to those obtained by 
Timoshenko and Wahl’s model are thus due to the particular choice of important terms in 
the application of Castigliano’s theorem [66]. 
 
4.1.1  Uncertainty of the Predicted Compressive Modulus of Nanospring Films 
Despite its relative simplicity, Wahl’s model captured most accurately the 
experimental results and trends. As shown in Figure 4.6, the mismatch between the 
average values of the experimental compressive modulus and the theoretical estimates of 
the Timoshenko-Wahl model exceeded 30% of the experimental mean and peaked as the 
helix angle of nanosprings approached 45°. To investigate the sensitivity of Wahl’s 
formulation to the helix angle α, a slight modification was applied to Equation 4.2 and the 
term h/n was replaced by its 2-D conformal mapping equivalent, namely πDtanα, Figure 
4.7. The resulting expression is: 
 =	
QHI A
8  (4.12) 
The first order sensitivity terms, denoted by the f.o.s., derived for the parameters 
of Equation (4.12) are: 
... = [[ ∆ = 
∆
  (4.13) 
... = [[ ∆ = 4
∆
  (4.14) 
... = [[ ∆ = −4
∆
  (4.15) 
A... = [[A ∆A = 2
∆A
?@ 2A (4.16) 
According to Table 4.1, the largest standard deviation from the respective average 
value was recorded for the wire diameter, which amounted to ±17% of the average for 
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Runs 31-33. The spatial density of nanosprings was computed by line counts of the 
number of nanosprings along the edge of regions where the cross-sectional SEM images 
were taken. As shown in Table 4.2, these spatial density corrected coil diameters 
determined by dividing the traversed distance to the number of counted nanosprings 
differed from the reference values in Table 4.1 by up to 20%. Although informative about 
the maximum possible extent of uncertainty in this particular parameter, the differences 
in Table 4.2 were not representative of the standard deviations encountered in actual 
measurements, Table 4.1, since line counts for coil diameters were performed at the base 
of the nanospring layer, where coil widening and interpenetration effects commonly 
observed after the first turn of helices were not present.  Considering the magnitude of 
these deviations in the coil (8-12%) and wire diameters (11-17%), parametric analysis 
was conducted by assuming uncertainties of ±10% and ±15% in their respective average 
values for the geometric parameters D and d.  
In terms of the nanospring height, h, the largest standard deviation from the 
average value among all fabrication runs was that of Run 32 samples, which amounted to 
±11%, Table 4.1. Hence, the parametric analysis for h was performed with an uncertainty 
of ±11%. The number of turns of nanospring coils was the most consistent geometric 
parameter, which was attributed to the accuracy of the computer controlled substrate 
rotation and deposition source material flux rates as mentioned in Introduction Chapter. 
For the parametric analysis, the uncertainty in n, was assumed to be ±5%, due to some 
potential irregularities in the connective layer between the fully-grown nanosprings and 
the cap deposited afterwards. 
For the helix angle α, which depends on 3 other geometric parameters, namely the 
nanospring height, the number of turns of coils and the coil diameter, the uncertainty was 
determined as the RMS value of the standard deviation of each of these parameters. 
Hence, considering the maximum standard deviations of ±11% for h, Table 4.1, ±5% for 
n, see the previous paragraph, and, ±12% for D, Table 4.1, respectively, the uncertainty 
of α was determined as ±17%. For the elastic material properties the maximum 
uncertainty in the parametric analysis was taken as ±1.5% which corresponds to the upper 
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and lower bounds of the experimental measurements of the Young’s modulus of Cu 
nanowire samples presented in Chapter 5. 
 
Table 4.2 Spatial density corrected coil diameters of nanosprings and their percentage 
differences from values listed in Table 4.1. 
Fabrication run 
number 
Distance 
(µm) 
Number of 
nanosprings 
Spatial 
density 
corrected coil 
diameter 
(µm) 
Difference from 
the values in 
Tables 4.1-4.4 
(%) 
31 11.6 4 2.9 15.9 
32 10.9 4 2.7 9.1 
33 11.1 4 2.8 11.0 
40 18.3 4 4.6 11.6 
41 23.5 5 4.7 14.6 
42 27.1 6 4.5 10.2 
75 23.3 5 4.7 19.5 
90 14.9 4 3.7 16.4 
 
The uncertainty envelope in Figure 4.12 was generated for ±1.5% uncertainty in 
the value of G according to Equation 4.13. The uncertainty envelopes for the geometric 
parameters d (the wire diameter) and D (the coil diameter) are shown on the same plot 
since the mathematical expressions take the same form as can be deduced from Equations 
4.14 and 4.15. Figure 4.13 shows the uncertainty envelopes generated for the nanospring 
compressive modulus assuming ±15% and ±10% uncertainties (i.e. Δd/d = 0.15 or ΔD/D 
= 0.1) in the values of the nanospring wire or coil diameters respectively. The uncertainty 
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envelope for the wire diameter was 40 times as large as that based on the uncertainty in 
the value of the shear modulus, indicating a stronger dependence of the compressive 
nanospring film modulus on the geometric parameters d and D. 
Finally, the uncertainty envelope for the helix angle α was generated based on 
Equation (4.16), by assuming α = 45° and Δα = 7.65° resulting in a ±17% uncertainty. In 
terms of area, the uncertainty envelope of the helix angle A was the smallest among the 
investigated geometric parameters and represented the case with the closest upper and 
lower sensitivity bounds. These results emphasized the role of geometric parameters d 
(the wire diameter) and D (the coil diameter) as the most influential factors in influencing 
the accuracy of the calculated value of the compressive modulus of a nanospring film 
based on the models described in this Chapter. It also points out to the possibility of 
obtaining a wide range of compressive modulus values for nanospring films of the same 
height and pitch by only varying these two parameters within a relatively narrow range.  
 
 
 
Figure 4.12 Uncertainty envelop for the compressive nanospring film modulus 
assuming ±1.5% uncertainty in the value of the material shear modulus. 
0
100
200
300
400
0 100 200 300 400
B
o
u
n
ds
 
o
f c
o
m
pr
es
si
v
e
 
m
o
du
lu
s 
(M
Pa
) 
Compressive modulus (MPa)
86 
 
 
 
 
Figure 4.13 Uncertainty envelope for the estimate of the compressive nanospring film 
modulus assuming ±15% and ±10% uncertainty in the values of the nanospring wire 
and coil diameters, respectively. The dark shaded area within the light gray region is 
the uncertainty envelope corresponding to ±10% uncertainty in the coil diameter. 
 
   
Figure 4.14 Uncertainty envelope for compressive nanospring film modulus assuming 
±17% uncertainty in the value of the nanospring helix angle α (α = 45°). 
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4.2      Analytical Models for the Shear Modulus of Nanospring Films 
Elasticity based derivations by Timoshenko [61,69], Sparing [70], Lee et al. [71] 
and Forrester [72] were employed to compute the shear stiffness of helical springs. Since 
the fundamental formulation of a helical spring’s displacement under in-plane shear 
necessitates superposition of bending and direct shear components, the basic steps of 
Timoshenko’s formulation are included for completeness.  
For a lateral load, P, applied to the upper end of a helical spring, as in Figure 3.1, 
the resulting displacement due to the bending moment and the shearing force. Assuming 
that the lower end of the helical spring of height h is fixed, the lateral deflection δb of the 
upper end due to the action of the bending moment can be calculated by using the 
flexural rigidity, Λ, derived by Timoshenko for a helical spring [61]: 
δ_ = Ph

3Λ =
Ph,Dπn
6EIcosα V1 +
E
2GW (4.17) 
where I is the bending moment of inertia of the wire cross-section, which is assumed to 
be rectangular due to the staircase like morphology of helical springs, as shown in Figure 
2.1 through Figure 2.2. The deflection due to the shearing force V can be found by first 
calculating the strain energy U and then implementing the principal of virtual work, such 
that the partial derivative of the strain energy expression with respect to the shearing 
force V would result in the relative displacement ξ in the plane of a single coil: 
U = h >VDsinθE,Ddθ16EI
,π
l
= V,π16EI  (4.18) 
ξ = ∂U∂V =
πV
8EI  (4.19) 
 
The slope γ of the additional deflection which is caused by the action of the 
shearing force can be obtained by dividing the relative displacement n on the plane of a 
single coil by the pitch p of the spring helix: 
88 
 
 
 
o =ξp =
πnV
8EIh  (4.20) 
Since the shearing force V is constant along the height h of the helical spring (V= 
P), the deflection due to shear, δs, can be calculated as: 
q = oℎ = πnP

8EI  (4.21) 
Hence, the total deflection δt of the helical spring due to the application of the 
lateral load P is: 
qs = qt + q = πnPh
)
6EI u
2 + ν
cos α +
3,
4h,x (4.22) 
The transverse stiffness of the helical spring is computed by dividing P by the 
total deflection in Equation (4.22) as [69]: 
ky = P/δy = 6EIπnh) u
2 + ν
cos α +
3,
4h,x
{|
 
(4.23) 
Multiplying this transverse stiffness expression of an individual spring with the 
thickness h of the nanospring layer and the areal density 1/D2 of the nanosprings within 
the forest, the shear modulus, Gfilm, of the nanospring film is given by [61]: 
 = 	sℎ, =	
24EI
πnh u
2 + ν
cos α +
3,
4h,x
{|
 
(4.24) 
By neglecting the contribution of bending to the overall deflection, Equation 
(4.24) can be further simplified as the term containing the Poisson’s ratio ν and the helix 
angle α is eliminated such that: 
 = 	32EIhπn-  (4.25) 
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Equations (4.24) and (4.25) were used to estimate the shear moduli of films from 
Runs 40-42, and 75 and make comparisons with experimental measurements, without or 
with the bending contribution, as shown in Figure 4.15 and Figure 4.16, respectively. In 
both cases, uncertainty bounds were computed by using the standard deviations given for 
the geometric parameters in Table 4.1, while the uncertainty for the Cu material shear 
modulus was taken as ±1.5%. As shown in Figure 4.15 and Figure 4.16, Timoshenko’s 
formulations [61,69] with or without bending could not predict well the experimental 
shear response of GLAD based nanospring films; in both cases the difference between 
the experiments and analytical predictions was more than an order of magnitude. 
To address the question concerning the amount of force required to displace one 
end of a helical spring laterally with respect to the other, Sparing [70] assumed the spring 
ends are held parallel and the spring is sufficiently tall to neglect the contribution of 
closed end-turns, i.e. the points where the spring joins the substrate and the cap layer. 
Compared to Timoshenko’s formulations [61,69], these assumptions increased the 
severity of imposed constraints and were naturally expected to lead to a stiffer shear 
response but they still left enough room for unrestrained rotation at both ends of the 
helical spring. Mathematically, the transverse stiffness of a helical spring is expressed as 
[70]: 
ky = P/δy = 10
~
 0.204> − E, + 0.265, (4.26) 
where La=h-d is the active height of the helical spring. The term Y is the shape factor 
which is found from the chart in Figure 4.17 based on the ratios ∆h/(h-d) and (h-d)/D.  
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Figure 4.15 Comparison of experimental shear moduli with analytical results following 
Timoshenko’s formulation, excluding the effect of bending [69]. 
 
Figure 4.16 Comparison of experimental shear moduli with analytical results following 
Timoshenko’s formulation, including the effect of bending [69]. 
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All terms in Equation (4.26) should have imperial units (i.e. [in] for geometric 
parameters, [lb] for loads) so that the resulting transverse stiffness has units of [lb/in]. 
Multiplication of the shear stiffness for an individual spring with the thickness ℎ of the 
 (h-d)/D 
Figure 4.17 Chart to determine the shape factor Y in Equations (4.26) and (4.27) as a 
function of the ratios ∆h/(h-d) and (h-d)/D. Taken from [70] with permission granted 
by McGraw-Hill Book Company Inc. 
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nanospring film in [in] and the areal density 1/D2 of the nanosprings within the forest in 
[in-2] leads to the shear modulus Gfilm of the nanospring film, in [psi]. 
 = 10
~ℎ
 0.204> − E, + 0.265, (4.27) 
Estimates for the shear moduli following Sparing’s formulation [70] are compared 
with experimental measurements in Figure 4.18. The shape factor Y needed for the 
analytical estimates of Run 40, 41, 42 and 75 films were determined from Figure 4.17 as 
1.01, 1.15, 1.35 and 1.10, respectively. In contrast to previously discussed analytical 
formulations based on the transverse stiffness of a single helical spring developed by 
Timoshenko [61,69], Sparing’s formulation [70] captured quite accurately the 
diminishing trend in the shear moduli of Runs 40, 41 and 42 with increasing nanospring 
height although it still exhibited an order of magnitude difference compared to the 
experimental values. 
 
Figure 4.18 Comparison of experimental shear moduli with the analytical predictions 
by Sparing’s formulation [70]. 
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This mismatch can be attributed to the deficiency in the representation of actual 
boundary conditions, as the presence of the cap layer would naturally restraint the 
allowable deformation/rotation modes at both ends of nanosprings rather than just at their 
base above the substrate. 
Lee et al. [71] applied a simple lateral force at the free end of a helical spring and 
imposed a zero rotation constraint at the fixed bottom end in addition to the zero 
displacement condition of previous models, to compute the reactions, internal forces and 
moments at an arbitrary cross-section of the spring’s wire. They applied Castigliano’s 
first theorem to calculate the end deflection, and the transverse stiffness as: 
ky =  = Θ +  | −  

 , − ,  +  1 − 

 

, Θ −

 ?@ 2Θ + 1 − 

, , ℎ + | 

 Θ + 

  +  | − | 

 −-
, ?@ 2Θ + 

 >3 − 3CD?2Θ − 2Θ?@ 2ΘE + 

| >3ΘCD?2Θ +
Θ,?@ 2ΘE{|  
 
 
(4.28) 
where lc is the length of the center line of the wire cross-section per unit radian angle, 
found by the relation < = =, + >/2QE,, where R is the coil radius (i.e. R = D/2), Θ is 
the total angle of rotation of the helix in radians and is determined via Θ=2πn, ω is for 
the shear correction factor which was directly taken from reference [73] by Lee et al. 
Finally, the term h is the total spring height.  The predictions by Equation (4.28) are 
compared with the experimental values in Figure 4.19, where the error bars of the 
analytical results correspond to the cumulative variability calculated through MATLAB®. 
The additional constraint of no rotation at the bottom end of the helical spring, not 
present in the formulations by Timoshenko and Sparing [61,69,70], caused significant 
stiffening in the analytical predictions as manifested by the noticeable increase in the 
magnitudes of the shear moduli of Run 40-42 films. For these films the experimentally 
observed inversely proportional trend between the nanospring layer height and the shear 
modulus was also captured by the model by of Lee et al [71], although the predictions for 
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the shear moduli of the nanospring films were on the average 3.9 times smaller than the 
experimental values. 
Lastly, the solution of the elasticity problem with the most relevant boundary 
conditions derived by Forrester [72] was evaluated. Forrester extended the constraint on 
angular rotation at the bottom end of the helical spring to the application point of the 
simple lateral load and calculated the twisting and bending moments on the wire cross-
section so that the reaction moment at any arbitrary point of the structure could be related 
to the lateral load imposed to the top end of the helical spring. With the aid of 
Castigliano’s theorem, Forrester obtained an expression for the transverse stiffness of a 
helical spring [72], which matched closely the expression derived by Lee et al. for the 
same boundary value problem with the exception of the sin2Θ terms [71], due to an 
inherent assumption concerning the turn numbers taking only integer values and hence 
causing all these trigonometric terms to disappear in the expression by Lee et al. Thus, a 
more general formula for the transverse stiffness of a helical spring with fully restrained 
rotation of both ends is given by [72]: 
ky =  = Θ +  | −  

 , − ,  +  

, + >  + ℎE,Θ −

 ?@ 2Θ + >  + ℎE ,Θ, + 

|, Θ +  | − |  

, 4Θ − 5?@ 2Θ +
Θ + 2Θ,?@ 2Θ + 6ΘCD?2Θ + 

 >  + ℎE>3 − 3CD?2Θ − 2Θ?@ 2Θ −
2Θ,E +  >  + ℎE,>2Θ + ?@ 2ΘE
{|
  
 
 
(4.29) 
where Q is the moment arm at any arbitrary point along the centerline of a helical spring 
since the multiplication of this term with the applied load gives the magnitude of the 
reaction moment arising in the wire cross-section. Q is given by: 
  = 	  |  Θ, − ℎΘ −  | − | 

 >2Θ + ?@ 2ΘE + 

| >3 − 3CD?2Θ −
2Θ, − 2Θ?@ 2ΘE /  +  | − | 

 , + ,   
 
(4.30) 
A comparison between the analytical values for the shear moduli based on 
Equations (4.29) and (4.30) and the experimental results is provided in Figure 4.20. The 
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error bars for the theoretical values were generated by evaluating the cumulative 
uncertainty for each case through MATLAB®. It is evident that the shear modulus of an 
individual helical spring subjected to a lateral force with fully restrained rotation at both 
ends [71,72] produces the best approximation among all formulations discussed in this 
Chapter, as the analytical predictions for the shear modulus were on the average only 3.3 
times smaller than the experimental measurements. 
 
 
 
Figure 4.19 Comparison of experimental shear moduli with analytical results 
according to the formulation by Lee et al [71]. 
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4.2.1 Uncertainty Analysis of Shear Response of Nanospring Thin Films 
Among the analytical models discussed in the preceding Section, the formulations 
by Lee at al. [71] and Forrester [72] were the most accurate due to their increased fidelity 
in capturing the true boundary conditions of the actual test specimens. As shown in 
Figure 4.21, despite the accuracy of Equations  (4.29) and (4.30) as compared to the other 
formulations, there was still a noticeable difference amounting to factors within a range 
from 1.8 to 4.8 in terms of the ratio of experimental to analytical shear moduli. This 
significant difference could be very well due to the absence of nanospring-to-nanospring 
interactions in the two models [71,72]. The mismatch between the experimental 
measurements and analytical predictions increased for higher nanosprings. In addition to 
the increasing influence of nanospring-to-nanospring interactions as a geometric 
consequence of increased height, this trend could be partially attributed to the more 
 
Figure 4.20 Comparison of experimental shear moduli with the analytical results 
according to the formulation by Forrester [72]. 
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dominant role of the straight transition segments at the cap and the substrate in the case of 
shorter nanosprings. 
 
 
   An uncertainty analysis was performed for the transverse stiffness of a helical 
spring according to the formulation by Forrester [72]. The partial derivatives with respect 
to each term in Equation (4.29) were evaluated by differentiating Equations (4.29) and 
(4.30) symbolically in MATLAB®. The error bars in Figure 4.19 and Figure 4.20 for the 
theoretical values were generated by evaluating the cumulative error (i.e. the weighted 
root-mean-square of partial derivatives of all involved parameters). In the following 
analysis, the partial derivative with respect to the parameter of interest was used to 
generate the sensitivity plots while all other geometric and elastic material property 
 
Figure 4.21 Ratio of experimental shear moduli to analytical estimates according to the 
formulation by Forrester [72] as a function of number of turns of nanospring coils. The 
blue datum point corresponds to Run 75 (2.5 turns) whereas Run 40 (2.5 turns), Run 41 
(5 turns) and Run 42 (10 turns) are shown in red. The mismatch between experimental 
measurements and analytical predictions increased with the nanospring height.  
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parameters were kept constant. As a consistency check, the results obtained through the 
partial derivative based analysis of the investigated parameter were compared to those 
obtained by directly inserting the parameter of interest into Equations (4.29) and (4.30) 
resulting in a 98% match with the exception of the nanospring pitch p. 
 
 
Figure 4.22 Theoretical shear modulus of nanospring films vs. normalized nanospring 
wire diameter for a range corresponding to one standard deviation of the average 
values. Normalization of the nanospring wire diameter was done using the average 
value for each sample type.  
 
On the other hand, the uncertainty estimates for the nanospring pitch, p, exhibited 
significant difference from those calculated by directly inserting p into Equations (4.29) 
and (4.30). The large mismatch was attributed to the effect of the nanospring pitch, p, on 
the total angle of rotation, Θ, through the relation Θ=2πh/p, which made the derivatives 
of Equations (4.29) and (4.30) with respect to p change in a convoluted trigonometric 
fashion which could not be captured by the formulation based symbolic differentiation 
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approach unless the step size was sufficiently small. Iterative attempts towards this end 
showed that a step size corresponding to 1/50 of the spanned standard deviation range, 
rather than 1/20, as was chosen for all other parameters, produced 95% match between 
the results of these two approaches. 
 
Table 4.3 Sensitivity of the shear modulus value in positive and negative directions 
depending on the uncertainty in the geometric/elastic parameters of a helical spring.  
 (%) Uncertainty  
with respect to 
one SD 
Maximum (%) change in shear 
modulus for nanospring films from 
Runs 40, 41, 42 and 75 
Positive direction Negative direction 
Coil diameter, D ±9.7 -19.1 21.2 
Pitch, p ±10.9 -6.9 7.3 
Height, h ±10.9 -19.8 35.5 
Wire diameter, d ±16.8 63.7 -61.7 
Shear modulus, G ±1.5 1.5 -1.5 
Elastic modulus, E ±1.5 1.5 -1.5 
 
The parametric analysis results for the shear modulus of nanospring layers in 
terms of maximum changes in positive (i.e. if the parameter of interest was incremented) 
and negative directions (i.e. if the parameter of interest was decremented) are shown in 
Table 4.3. Considering the extent of the total variation range of each parameter in both 
directions, the wire diameter, d, emerged as the most influential geometric parameter in 
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affecting the shear modulus of a helical spring. The theoretical shear moduli of the 
nanospring films as a function of the wire diameter for ±16.8% variation with respect to 
the average values are shown in Figure 4.22. Although the trends in the theoretical shear 
moduli were very similar for all nanospring films as the wire diameter changed in both 
directions, films from Run 40 with the shortest nanosprings exhibited the largest 
sensitivity to the wire diameter. 
 
 
Similarly, the sensitivity of the nanospring modulus to changes in the nanospring 
pitch p, and coil diameter D were evaluated as shown in Figure 4.23 and Figure 4.24, 
respectively. For the coil diameter, D, the percent variability in shear modulus was twice 
as large as the size of investigated range of this parameter of interest, which underlines 
the importance of the uniformity in coil diameter to obtain consistent shear response. 
Among all geometric parameters, the pitch, p, was the only one whose percent variability 
 
Figure 4.23 Theoretical shear modulus of a nanospring film vs. normalized nanospring 
pitch for an uncertainty range equal to one standard deviation. The nanospring pitch 
was normalized with the average value for each sample type. 
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range resulted in a smaller percent variation in the value of the nanospring shear 
modulus. It should be noted that this result was obtained with pitch values determined by 
keeping the height constant and varying the number of turns of nanospring coils within a 
range which percentage wise corresponded to the largest standard deviation in the height 
of tested samples belonging to different runs. As a geometric parameter, the number of 
turns of nanospring coils agreed well with the nominal value (i.e. 2.5 turns for Runs 40 
and 75, 5 turns for Run 41, 10 turns for Run 42), therefore, the parametric analysis was 
carried out by treating the pitch as having the same uncertainty as the nanospring height. 
The moderate effect of the pitch p on the shear modulus could be attributed to the 
dominance of the spring height term h in determining the shear response of a spring. 
Compared to the total angle of rotation, Θ, which contained the number of turns, n, as the 
only pitch-related parameter in Equations (4.29) and (4.30), the spring height h appeared 
in higher order exponential terms in the moment arm expression, thus surpassing the 
effect of the number of turns of the nanospring coil, n, which was assumed to vary only 
with the pitch p at a constant value of h to avoid double counting. Within the applied 
uncertainty range, the pitch, p, was also the only geometric parameter whose sensitivity 
for both incrementing and decrementing directions with respect to the average value was 
governed by the response of a single sample type, namely Run 40. This particular sample 
group exhibited the most sensitive response to changes in p both in the positive and 
negative directions due to the small film thickness.  
The sensitivity of the spring shear modulus to the material elastic modulus, E, and 
shear modulus, G, are shown in Figure 4.25 and Figure 4.26, respectively. Adopting the 
same rationale as in the case of the compressive modulus, an uncertainty range of ±1.5% 
in the reference value of 118 GPa for E and 44.4 GPa for G was applied. 
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Figure 4.24 Theoretical shear modulus of a nanospring film vs. nanospring coil 
diameter for an uncertainty range in the nanospring coil diameter corresponding to one 
standard deviation. Normalization of the nanospring coil diameter was done using the 
average value for each sample type. 
 
Finally, the spring height was the only parameter which showed a significant 
difference between the magnitudes of sensitivities in positive and negative directions 
with respect to the reference values for all sample types. The twofold higher value of the 
change in shear modulus in the negative direction as compared to its positive counterpart 
suggested a rapidly stiffening in-plane shear response with decreasing nanospring height, 
which was especially evident from the plot of the theoretical shear modulus of Run 40 
nanospring films as a function of varying nanospring layer height h within a variation 
range of ±10.9% which corresponded to one standard deviation of this parameter, Figure 
4.27. 
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Figure 4.25 Theoretical shear modulus of a nanospring film vs. normalized Young’s 
modulus for an uncertainty of ±1.5% of the reference value for copper (i.e. 118 GPa). 
 
Figure 4.26 Theoretical shear modulus of the nanospring film vs. material shear 
modulus for an uncertainty of ±1.5% of the reference value for copper (i.e. 44.4 GPa). 
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4.3  Conclusions  
Several different mechanical formulations with increasing levels of analytical 
complexity and fidelity with respect to the actual boundary conditions of the test 
specimens were discussed for analytical modeling of the compression and shear response 
of individual nanosprings. The axial and transverse stiffness expressions for individual 
nanosprings were converted into the nanospring film moduli under uniaxial compression 
and in-plane shear, however, omitting the interaction between individual springs. 
Analytical estimates based on these formulations were compared with the experimental 
data in terms of their absolute values and their trends. In each case, the most descriptive 
model was subjected to an uncertainty analysis. 
Despite its relative simplicity, Wahl’s formulation [62] was the most accurate to 
describe the compressive response of nanospring films. In the case of shear loading, the 
 
Figure 4.27 Theoretical shear modulus vs. normalized nanospring height for an 
uncertainty range corresponding to one standard deviation. The nanospring height was 
normalized using the average value for each sample type. 
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model developed by Forrester [72] provided estimates that were of relevance to the 
experimental values and their trends. The relative accuracy of Forrester’s formulation 
was owed to the zero angular rotation boundary condition imposed at both ends of a 
helical spring, which approximated well the actual connection of the nanosprings to their 
substrate and the cap. Unlike the compressive modulus which was most sensitive to the 
coil diameter, the spring wire diameter had the most pronounced effect on the shear 
modulus. Similar to the helix angle in the case of compressive modulus, the pitch had the 
least influence on the value of the shear modulus.  
 
  
106 
 
 
 
CHAPTER 5  
 
 
 
MECHANICAL BEHAVIOR AND THERMAL STABILITY 
OF Cu NANOWIRES 
Cu thin films and nanowires are prone to atmospheric oxidation even at relatively 
low temperatures. The complex effects of near ambient temperature, i.e. 20-150ºC, 
oxidation on the mechanical properties of a special class of thermal solution grown 
faceted Cu nanowires with pentagonal cross-section were studied as an analogous 
material system due to its two key aspects overlapping with those of the primary material 
system of this dissertation, namely the GLAD-based Cu nanospring films:  
nanocrystallinity and grain boundary (GB) diffusion governed reaction kinetics with 
atmospheric oxygen. Pentatwinned Cu nanowires presented in this chapter were heat 
treated in ambient atmosphere between 20 and 150ºC. Experiments with individual 
nanowires determined the degree of oxidation and their mechanical strength, while the 
elastic modulus of pristine Cu nanowires was used as the control metric. The elastic 
modulus of nanowires exposed to only ambient conditions was 117±1.2 GPa which is 
close to that of the polycrystalline bulk Cu, while their ultimate tensile strength was at 
least three times higher than that of the polycrystalline bulk Cu, averaging 683±55 MPa. 
Annealing at only 50˚C resulted in marked strengthening by almost 100% while the 
elastic modulus remained unchanged. Heat treatment in ambient air distinguished three 
different regimes of oxidation: (a) formation of a thin passivation oxide for temperatures 
up to 50˚C, (b) formation of thermal oxide obeying an Arrhenius type process for Cu+ 
migration for temperatures higher than 70˚C, which was accelerated by grain boundary 
diffusion resulting in activation energies of 0.17-0.23 eV, and (c) complete oxidation 
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following the Kirkendall effect at temperatures higher than 150 ˚C and for prolonged 
exposure times, which did not obey an Arrhenius law. Notably, the formation of a weaker 
and more compliant thermal Cu2O did not compromise the effective strength and elastic 
modulus of oxidized Cu nanowires: experiments in Ar environment at temperatures 
higher than 70ºC showed mechanical strengthening by ~50% and ultimate stiffening to 
~190 GPa, which is very close to the upper limit for the elastic modulus of single crystal 
Cu in the <111> direction.  
 
5.1  Experimental Method and Materials 
The oxidation of polycrystalline Cu is a quite a complex process as crystallinity 
and size, morphology and orientation of grains significantly influence the kinetics of 
oxidation by affecting the activation energy for the rate limiting step, i.e. the migration of 
Cu+ towards the cuprous oxide/ambient atmosphere interface via GB diffusion. This 
complexity is further amplified by the so-called Kirkendall effect until voiding at the 
copper/oxide interface begins [74-76]. Heat treatment also results in recovery and 
potentially recrystallization. Such processes in commercial purity bulk Cu begin at 180-
220ºC [77,78] and were shown to take place at 210ºC for ultrahigh-strained fine grained 
Cu with average grain size of 230 nm [79] whereas a recrystallization temperature as low 
as 80ºC was reported in the literature for zone refined Cu [78]. In the case of Cu 
nanowires with high surface to volume ratios and nanoscale grain size, local stress 
relaxation and recrystallization processes may commence at lower temperatures, even 
tending to room temperature (i.e. self-annealing), as suggested by previous thin film level 
studies [80-81], which further convolutes the combined net effect of exposure to near 
ambient temperatures. 
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 The necessity of an experimental investigation was recognized since the effects 
of near ambient atmospheric oxide formation and exposure to temperatures well within 
the operational specifications of integrated Cu nanospring films on their mechanical 
behavior and internal material structure evolution remained elusive. In order to shed light 
to the combined mechanical outcome of atmospheric oxidation and potential structure-
property transformations occurring with pure nanocrystalline Cu, tensile experiments 
were conducted with individual pentatwinned Cu nanowires exposed to near ambient 
temperatures (23-150˚C). Individual Cu nanowires were grown at General Electric’s 
Global Research Center by the chemical solution method developed by Cho and Huh 
[82]. This process resulted in spontaneous growth of 20-60 µm long faceted pentatwinned 
rods with a pentagonal cross-section of 300-1,200 nm effective diameter, as exemplified 
in Figure 5.1. Immediately after synthesis, Cu nanowires were stored in toluene at room 
temperature. Cu nanowires were subjected to 8 different time-temperature regimes in the 
20-150ºC temperature range inside an environmental chamber with laboratory air 
exposure. To decouple the extrinsic effect of Cu2O shell formation on post-annealing 
mechanical response of Cu nanowires, samples were also annealed at 150 ºC in 95% Ar – 
5% H2 atmosphere inside a laboratory furnace. Treatment times, temperature and relative 
humidity conditions for all nanowires tested are provided in Table 5.1. 
 
Figure 5.1 As-fabricated Cu nanowire with a pentagonal cross-section. 
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Table 5.1 Treatment conditions of individual Cu nanowires. 
Atmosphere 
Time 
(minutes) 
Temperature 
(ºC) 
Relative 
humidity (%) 
Number of 
tests 
Air ∞ (>1 year) 22 (RT) 20-23 6 
Air 360 50 20 2 
Air 150 70 21 2 
Air 300 70 21 2 
Air 30 100 22 2 
Air 90 100 23 2 
Air 60 100 21 2 
Air 45 150 23 2 
Air 1200 150 20-22 4 
%95 Ar - %5 H2 360 150 - 4 
 
After treatment, long Cu nanowires (>30 µm) were isolated and anchored onto a 
Microelectromechanical Systems (MEMS) device that provided nN force resolution 
during mechanical testing of individual nanowires. The latter were firmly attached to the 
testing device by deposition of a 2-µm thick Pt layer at both ends of the gage section. A 
low energy ion-beam (50 pA and 5 V) was applied so that Pt migration towards the gage 
section was prevented. The tensile tests followed the methodology developed in our 
laboratory as described in [83] at an average strain rate ε  of 1.5×10-5 s-1 determined from 
the slope of the strain vs. time curves. 
Due to the pentatwinned formation mechanism of FCC nanorods explained in 
detail by previous studies, Cu nanowires had their own characteristic selected area 
diffraction patterns, which exhibited different arrangements depending on the zone axis 
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orientation of the cross-section [84-85]. High resolution TEM images of Cu nanowires 
were collected from segments ion-milled to less than 50 nm in thickness at extremely low 
energy settings (5V and 10 pA) to avoid amorphization and carbon deposition. 
Figure 5.2(a) shows the representative thinned nanowire section and the outline of 
the region where the selected area electron diffraction pattern was generated. The lack of 
a prevalent texture which could be associated with a single crystal structure was indicated 
by Figure 5.2(b) and was also supported by our direct measurements of Young’s modulus 
along the major wire axis. As described later, obtained values were in close agreement 
with those of isotropic bulk Cu and nanocrystalline Cu [86]. The details of the 
pentatwinned polycrystalline nature of these Cu nanowires are controlled by various 
factors, such as solvent chemistry, capping agent, solution pH and seed facet epitaxy as 
suggested recently by Zhao et al. [87]. It should also be mentioned that although the 
crystallization mechanism ascribed to the formation of these FCC nanostructures 
unambiguously defined the orientations of the common twinning axis and facets of 
pentagonal bipyramids forming the backbone of nanowires, the collective elastic 
response of this unique crystal architecture remained experimentally unexplored until this 
dissertation. 
Cuprous oxide (Cu2O) thickness measurements were rationalized using a 
parabolic oxide growth law together with the Arrhenius equation to calculate the 
activation energy for diffusion, which was compared with measurements of bulk scale 
and thin film Cu. The elastic modulus and tensile strength of pure Cu2O were obtained 
from fully oxidized Cu nanowires for the first time, along with first direct evidence for 
near ambient temperature Cu nanowire stiffening and strengthening. The combined 
results provided thorough understanding for the mechanical response of oxidized Cu 
nanowires and explained the consistently high mechanical strength despite surface 
oxidation. 
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(a) (b) 
Figure 5.2 (a) TEM image of an ion-milled Cu nanowire. The dotted circle outlines the 
region where the selected area electron diffraction pattern was generated from. (b) The 
multiple rings with concentric bright spots in the diffraction pattern belong to the 
overlapping of [110] and [111] zone axes similar to ones previously shown for other 
pentatwinned FCC nanowires [84-85]. 
 
 
5.2  Activation Energy for Cu+ Diffusion 
The pentatwinned Cu nanowires demonstrated pronounced oxide formation even 
at temperatures as low as 50˚C. The propensity for oxidation at slightly elevated 
temperatures was evaluated by calculations of the activation energy for Cu2O formation, 
mostly controlled by Cu+ diffusion under common partial pressures of atmospheric O2. 
To this goal, the precise oxide thickness on each nanowire was measured after each 
experiment from SEM images of the specimen fracture sections, e.g. Figure 5.3(b). No 
surface oxide was observed on freshly made nanowires. The surface reactivity at ambient 
laboratory conditions was very slow: Cu nanowires exposed to air and RT for time spans 
exceeding 1 yr formed a 2-3 nm thick native oxide, which is in agreement with [88-91] 
but in contrast to single crystal Cu nanowires reported by Cho and Huh [82]. This 
(111) 
(200) 
(220) 
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insignificant oxide layer persisted up to 50°C for relatively short exposure to air. 
Temperatures of 70 °C and beyond resulted in thermal oxides with uniform thickness, 
Figure 5.3(a) and given sufficient time transformed the pentagonal Cu nanowire cross-
section into circular, as shown in Figure 5.3(b). This oxide resembles the previously 
reported growth of a Cu2O annulus on Cu nanorods at temperatures up to 350°C and 
various oxygen pressures [92]. Studies on the chemical composition of similar oxide 
structures have excluded the possibility of cupric oxide (CuO) formation below 250°C 
[93,94], which was also verified by our XRD analysis performed on fully oxidized 
nanowires, as shown later in Figure 5.10. 
Oxide thicknesses from several specimens as a function of temperature and 
exposure time are given in Table 5.2. Since the original wire diameters were not the same 
for all nanowires, the oxide thickness was normalized with the radius of the 
circumscribing circle for each nanowire. The oxide layer could surpass 5% of the 
effective radius of a nanowire after a 2.5 hr exposure to air at 70°C or higher. An analysis 
of oxide formation at different temperatures was applied assuming Cu+ migration through 
the oxide layer to be the rate limiting process [95-96]. Since the temporal evolution of the 
oxide layer (i.e. dy/dt) in individual nanowires was not possible to acquire 
experimentally, unlike ellipsometry or terahertz transmission spectroscopy methods used 
for thin film level studies [97,98], all applicable oxide growth kinetics previously used in 
the literature for submicron scale oxidation of Cu under near ambient temperature 
regimes were considered. According to [98], logarithmic law was the most widely used 
one in the literature for atmospheric oxidation at 50°C with oxide thicknesses below 10 
nm. For the temperature range from above 50°C to 150°C with oxide thicknesses from 10 
nm to 60 nm cubic [98] and parabolic [97,99] laws turned out to be the most befitting 
functional relations. To extract the activation energy without mixing the logarithmic law 
with parabolic and cubic laws, the data point at 50°C was excluded and the oxide growth 
was evaluated based on time spans and oxide thicknesses listed in Table 5.2. Both 
parabolic and cubic laws are valid before initiation of voiding and hence loss of material 
connectivity at the Cu core/concentric Cu2O annulus interfaces due to the Kirkendall 
effect [100]. The latter greatly diminishes the rate of oxidation, as inferred from the 
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disproportionately longer oxidation time, exceeding 13 hr, required to fully convert the 
Cu nanowires into Cu2O.  
The applicability of logarithmic, linear, parabolic and cubic laws for submicron 
scale oxidation of Cu near ambient temperature regimes have been demonstrated before 
with experimental data [97,98,99]. Alternative models with different rate exponents could 
be also formulated by considering charge transfer across either the Cu-oxide or oxide-air 
interface as the rate limiting process, in essence similar to the generalized oxidation 
model initially developed by Cabrera and Mott for metals [101]. Such models, however, 
have been shown to have shortcomings in terms of explaining low temperature oxidation 
phenomena for Cu and its alloys as compared to their cation migration based counterparts 
[88,102,103].  
Two values of the activation energy for diffusion, Ea, corresponding to cubic and 
parabolic estimates were determined from the slopes of the Arrhenius plots of ln(Ψ) vs. 
1/T in Figure 5.4, based on our experimental values in Table 5.2 for 2 different values of 
the initial oxide thickness y0 formed at RT. The initial oxide thickness y0 in Figure 5.4(a) 
was 1.1 nm, which maximized the value of the linear best fit parameter, following the 
approach in reference [97]. The initial oxide thickness y0 in Figure 5.4, was taken as 3 nm 
because oxide-film growth up to that thickness on pure metallic surfaces is governed by 
temperature independent electron tunnelling rather than the underlying rate limiting step 
of our parabolic growth law, i.e. Cu+ diffusion [95]. For parabolic (n=2) and cubic (n=3) 
oxide growth laws the term Ψ in the Arrhenius plots was determined from: 
¢ = 	>£E|/ = >¤ − ¤lEH{|/ = ¢l¥{¦§  (5.1) 
where t is time, Ψ0 is a rate constant, the universal gas constant R is 8.314 J/(mol·K) and 
T represents the oxidation temperature.         
The lower limits of activation energy derived from Equation (5.1) according to 
cubic growth kinetics were 0.17 eV and 0.18 eV for initial RT oxide thicknesses of 1 nm 
and 3 nm, respectively. Apropos, regression analyses of parabolic oxide growth law gave 
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the upper limits of activation energy as 0.22 eV and 0.23 eV for initial RT oxide 
thicknesses of 1.1 nm and 3 nm, respectively.  The exact value of the activation energy 
for diffusion depends on several factors, such as purity and crystallography of the wires, 
defect population, grain size, GB density and orientation. Our upper limits are lower than 
the half of those (0.55-0.57 eV) obtained from polycrystalline Cu thin films by two other 
studies in the combined temperature range of 120-260˚C [97,103]. On the other hand, the 
value of 0.37 eV reported in [104] and [105] for a 1 mm thick polycrystalline Cu film 
annealed at 600˚C for 2 hr, and for a 500 nm thick Cu thin film with <111> texture and 
columnar grain structure with average grain size ~200 nm, respectively, provided 
justification for our results due to finer grain structure of pentatwinned Cu nanowires. 
  
 
 
 
(a) (b) 
Figure 5.3 (a) A nanowire failure cross-section after a tension experiment conducted 
with a MEMS device. (b) Formation of Cu2O annulus on an originally pentagonal 
nanowire as a result of atmospheric oxidation at 150°C for 45 min. High magnification 
SEM images revealed the precise Cu2O thickness as a function of thermal exposure 
time at a certain temperature. 
10 µm 
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Table 5.2 Oxide thickness and oxide formation rate vs. temperature and exposure time. 
Temperature 
(°C) 
Exposure 
time to air 
(hr) 
Thickness of 
the oxide 
layer (nm) 
Oxide/ 
effective wire 
radius (%) 
Cu2O formation 
rate 
(nm/hr) 
22 1 year ~2-3 0.4±0.1 Self limiting 
50 6 6±2 1.2±0.2 0.6 
70 2.5 21±4 5.8±1.1 7.0 
70 5 33±5 11.6±1.8 6.2 
100 0.5 13±3 5.1±1.2 22.8 
100 1.5 38±5 12.1±1.6 24.1 
125 1.5 27±4 13.4±2.1 24.1 
150 ¾ 54±5 15.6±1.5 71.2 
 
Activation energies reported in literature for the oxidation of thin film 
polycrystalline Cu vary from 0.2 eV to 1.89 eV, whereas activation energies below 0.6 
eV have been mostly reported for near ambient oxidation of Cu comprised of nanoscale 
grains [95,97,103], potentially due to accelerated migration of Cu+ toward the Cu2O free 
surface via accelerated GB diffusion [106]. These values are quite lower than those for 
single crystal Cu: a low temperature atmospheric oxidation study of ~250 µm thick (100) 
single crystal Cu has estimated a much higher activation energy value of 1.2 eV due to 
the absence of the GB diffusion of Cu+ [107]. A grain size dependent decrease in the 
activation energy during near ambient oxidation of Cu has been experimentally supported 
in a recent study of 20 nm spherical Cu nanoparticles, where a lower value for the linear 
rate constant governing the adsorption of oxygen below 200˚C was measured [108]. 
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(a) (b) 
Figure 5.4 ln(Ψ) vs. 1/T for initial oxide thickness (a) y0 = 1 nm and (b) y0 = 3 nm. 
 
5.3  Mechanical Behavior of Cu Nanowires Exposed to Ambient Conditions  
The uniaxial tension experiments with individual faceted Cu nanowires with 
effective diameters 300-550 nm which were exposed only to RT resulted in Young’s 
modulus (E) of 117±1.2 GPa, yield strength of 586±48 MPa, and ultimate tensile strength 
(σUTS) of 683±55 MPa. A representative stress-strain plot for this set of experiments is 
shown in Figure 5.5. Upon yielding, deformation is localized, resulting into a relatively 
constant plastic flow stress. The pentagonal shape of the nanowire cross-section restricts 
the process of necking forcing a star-fruit shaped neck with shear bands forming along 
the flanks as shown in Figure 5.6.  
The elastic modulus and tensile strength values as a function of effective 
nanowire diameter are shown in Figure 5.7(a,b). As inferred from Figure 5.7(b), there 
was no diameter dependence of the tensile strength in the narrow diameter range of 300-
550 nm. The Young’s modulus (E =117±1.2 GPa) of Cu nanowires exposed to ambient 
conditions was within the standard deviation of bulk scale polycrystalline Cu (E 
=123.5±7 GPa) [109]. The minimum and maximum elastic moduli for single crystal Cu 
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are Emin = E<100> = 67 GPa and Emax = E<111> = 192 GPa, respectively [110]. This 
Young’s modulus value also agreed very well with that obtained by ultrasonic 
measurements on nanocrystalline Cu with an average grain size of 22±0.5 nm [86] and is 
only 6 GPa lower than the value measured through resonance from bulk samples of 
heavily deformed Cu with a grain size ~200 nm [111]. The yield and tensile strength on 
the other hand were 3 times higher than bulk Cu. The tensile strength was in good 
agreement with the previously observed boundaries of experimental strength envelopes of 
literature data on larger Cu microwhiskers [112] (max. σUTS = 1130 MPa and min. σUTS = 
180 MPa for whiskers in the 5 µm – 25 µm diameter range), smaller nanopillars [113] 
(max. σUTS = 2025 MPa and min. σUTS = 1100 MPa in the 75 nm – 165 nm diameter 
range) and similar size nanowires [114] (max. σUTS = 1017 MPa and min. σUTS = 430 
MPa in the 131 nm – 655 nm diameter range). 
 
 
Figure 5.5 Stress-strain plot of a faceted Cu nanowire exposed to air at RT. The insert 
shows the original pentagonal geometry of the Cu nanowires and a circumscribed circle 
with r ≈5a/6. The curve starts at a stress value slightly higher than zero because of a 
pre-stress during mounting onto the MEMS device. 
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  (a) (b) 
Figure 5.6 (a) Cu nanowire exposed to 22ºC and 20% relative humidity, shown after 
mechanical testing. The top part of the figure shows the moving part of the MEMS 
device which after testing was moved away from the stationary side both axially and 
laterally to avoid contact of the broken nanowire ends. (b) Close up view of the 
nanowire rupture cross-section.  
 
 
 
(a) (b) 
Figure 5.7  (a) Young’s modulus vs. effective diameter for Cu nanowires exposed to 
RT and 22% humidity for time spans exceeding 1 year. (b) Tensile strength vs. 
effective diameter. 
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In the absence of surface oxides, the polycrystalline Cu nanowires with effective 
diameters of 300-550 nm demonstrated ductile failure similarly to single crystal Cu 
nanowires reported in [114] with effective diameters exceeding 300 nm. Such high values 
of tensile strength are expected for submicron scale metallic structures with equivalent of 
smaller grain size by virtue of the Hall-Petch relationship. 
 
5.4  Mechanical Behavior of Thermally Treated Pentatwinned Cu Nanowires 
Inspections upon after tension testing showed that the non-oxidized core of Cu 
nanowires subjected to temperatures above RT for different time spans still underwent 
star-fruit shaped failure. During tensile loading strain localization in the Cu core resulted 
in locally high strain and cracks in the oxide shell that were perpendicular to the wire 
axis, as shown in the matching failure cross-sections in Figure 5.8. The effective elastic 
modulus of oxidized nanowires was measured and used to compute the elastic modulus 
of Cu2O, assuming a composite nanowire with coaxial core-shell structure and isostrain 
conditions, and using the previously determined modulus of 117±1.2 GPa for the Cu 
core. This assumption is valid as long as the Cu2O shell remains fully bonded onto the Cu 
core and does not crack. The cross-section images in Figure 5.8 support this point 
showing cracks only in the location of failure. 
However, the value of the elastic modulus of Cu2O along the nanowires axis was 
not known. For this purpose, Cu nanowires were converted into Cu2O in air at 150°C for 
20 hr. As shown in Figure 5.9(a), exposure to air at 150°C for 13 hr was not sufficient to 
fully convert the entire Cu nanowire to Cu2O. This is because of the greatly diminished 
Cu+ diffusion rate in the latter stages of oxidation due to loss of material connectivity (i.e. 
voiding) at the Cu/Cu2O interface associated with the Kirkendall effect [115]. When 
complete oxidation took place, the Cu nanowires were transformed into a monolithic 
Cu2O annulus with a coaxial pentagonal hollow core and an ellipsoidal outer perimeter as 
shown in Figure 5.9(b). 
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XRD analysis, shown in Figure 5.10, performed on a closely spaced and aligned 
cluster of 25 oxidized nanowires on a glass slide confirmed the sole presence of Cu2O 
through <100>, <110> and <111> peaks [116-117], which slightly deviated from those of 
the cuprite powder potentially due to factors such as changes in GB density, a residual 
radial strain, hollow morphology of Cu2O nanowires and intrinsic or extrinsic stacking 
faults [118]. Based on the results of 4 uniaxial tension experiments, the average elastic 
modulus of Cu2O nanowires was 26.1±0.2 GPa, which was 13% lower than the value 
reported in the literature (30 GPa) for bulk Cu2O obtained from ultrasonic wave speed 
measurement [119]. The tensile strength of the hollow Cu2O nanowires exhibited broad 
variance as compared to the elastic modulus and was only 114.5±56.7 MPa which 
pointed to the presence of significant defects.  
  
(a) (b) 
Figure 5.8 (a,b) Matching ends of a ruptured Cu nanowire that was pre-treated at 70ºC 
for 150 min, showing the thin conformal Cu2O annulus. 
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For Cu nanowires subjected to 70°C, the elastic modulus of the Cu core extracted 
from the coaxial bimaterial composite model was 119±1.2 GPa, which agreed very well 
with the modulus of as-grown Cu nanowires. As shown in Figure 5.11(a), for the 4 
nanowires oxidized at 70°C, the calculated elastic moduli for the coaxial bimaterial 
nanowire (Cu core/Cu2O annulus) matched well with the experimental values. As shown 
in Figure 5.11(a), nanowires exposed to 70°C demonstrated limited plasticity, with 
ultimate tensile strain varying between 0.8 - 1.1% and ¨©§ª of 670.0±64.8 MPa, which is 
slightly lower than that of as-grown Cu wires. The limited plastic deformation compared 
to as-grown nanowires was due to the brittle Cu2O annulus that is clearly shown in Figure 
5.12(a) after rupture.   
 
  
(a) (b) 
Figure 5.9 (a) Partially oxidized nanowire with a Cu2O shell and a disconnected rough 
Cu core after exposure to 150°C in air for 13 hr. (b) Cu2O annulus with a coaxial 
pentagonal hollow core and an ellipsoidal outer perimeter after exposure to 150°C in 
air for 20 hr. The Cu core was completely consumed into the Cu2O shell. 
250 nm 1 µm 
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Pentagonal Cu nanowires subjected to 100°C for 30 min exhibited similar 
mechanical response to that described for atmospheric oxidation at 70°C. A 
representative stress-strain plot is given in Figure 5.13(a). The elastic modulus of the Cu 
core was 118.1±0.3 GPa, which is very close to that of as-grown Cu. The average tensile 
strength increased significantly to 867±21 MPa, potentially due to suppression of the 
plastic deformation of the inner Cu core coupled with an Orowan strengthening 
mechanism due to effective pinning of mobile dislocations at the Cu core/Cu2O annulus 
interface, activated once the superficial oxide layer attained a certain thickness [120]. 
This result is in contrast with an early study on micron scale Cu whiskers [121], where 
continuous oxide films covering the Cu whisker surface as a result of heating in air at 
100°C to 150°C did not alter strength values noticeably although an increase in tensile 
 
Figure 5.10 XRD analysis performed on a closely spaced and aligned cluster of 25 
oxidized nanowires placed on a glass slide. The location of <100>, <110> and <111> 
peaks indicates the presence of Cu2O through comparison with those of the cuprite 
powder shown with dotted vertical lines. The decaying hyperbolic background is due to 
the glass slide substrate. 
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strength was observed in the particular case of vacuum-heated samples without any oxide 
formation related term in overall energy balance. This difference might be indicative of a 
characteristic scale (i.e. volume to surface area ratio) governed energy threshold for the 
activation of thermally induced defect annihilation mechanisms for quasi 1-D structures 
of Cu. 
 
  
(a) (b) 
Figure 5.11 (a) Measured elastic moduli of Cu nanowires oxidized at 70°C vs. 
theoretical estimates based on a coaxial composite isostrain model. (b) Stress-strain plot 
of a Cu nanowire oxidized at 70°C. The slope of the linear region is the effective elastic 
modulus of the coaxial Cu/Cu2O nanowire. 
 
This consistency in the Cu core modulus changed markedly for Cu nanowires 
subjected to 100°C for 90 min. An example strain- strain curve is shown in Figure 
5.13(b), which resulted in effective modulus higher than the Cu core. All wires treated at 
temperatures higher than 100˚C and for times longer of 90 min or longer were much 
stiffer than the previously discussed conditions. The computed Cu core elastic modulus 
for two wires with different diameter and as such oxide thickness was very consistent 
averaging 188.2±0.7 GPa. This value exceeds the polycrystalline Cu’s Young’s modulus 
of 116-128 GPa reported in literature by a remarkably large margin [109,110,122]. 
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Actually, the elastic modulus of the Cu core is very close to the stiffness constant of 
single crystal Cu in <111> direction, i.e. 192 GPa [110], which is the highest possible 
modulus value for Cu. 
 
 
 
(a) (b) 
Figure 5.12 Rupture surfaces of individual Cu nanowires subjected to atmospheric 
oxidation at (a) 70°C for 2.5 hr, and (b) 100°C for 1.5 hr. 
 
Cu nanowires oxidized at even higher temperatures of 125°C for 60 min and 
150°C for 45 min exhibited identical stiffening with an average composite modulus of 
148±4.5 GPa and 156±7.4 GPa, respectively. Due to the increased thickness of the Cu2O 
annulus, and thus a more pronounced effect on the overall mechanical behaviour of the 
composite wires, the failure strain was reduced first to 0.50±0.04% for 125°C samples 
and then to 0.36±0.07% for 150°C with the shape of stress-strain curves reflecting brittle 
behaviour. Notably, the Cu2O annulus did not compromise the mechanical strength which 
was as high as that of as-grown Cu nanowires exceeding 700 MPa in both cases. The 
increased stiffness and strength of the Cu core suggest a low temperature recrystallization 
approaching a predominant <111> direction along the nanowire axis after sufficient 
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exposure to temperatures as low as 100°C. This is the first time such a result has been 
documented with detailed mechanical experiments. 
 
 
5.5  Mechanical Stiffening and Strengthening of Cu Nanowires 
To shed light into the aforementioned stiffening and strengthening of the Cu core 
without the consideration of the Cu2O shell, 4 nanowires were taken directly from toluene 
and subjected to 150ºC in 95% Ar – 5% H2 atmosphere for 6 hr. As shown in Figure 
5.14(a), no appreciable oxide layer was visible on these nanowires. On the other hand, the 
Cu nanowires annealed in Ar environment exhibited drastic stiffening with an average 
elastic modulus value of 183.0±6.2 GPa, which is comparable to that of thermally treated 
at 100 ºC for 90 min and at 150 ºC for 45 min. The tensile strength was also very high 
averaging 1,000±65 MPa. Interestingly, the mechanical behavior of the nanowire with 
 
(a) (b) 
Figure 5.13 (a) Stress-strain plot of a Cu nanowire air oxidized at 100°C for 30 min. 
The slope of the linear region is the effective elastic modulus of the coaxial Cu/Cu2O 
nanowire. (b) Stress-strain for a Cu nanowire air oxidized at 100°C for 90 min. 
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effective diameter of 280 nm shown in Figure 5.14(b) was fully brittle, which agrees with 
a recent report on single crystal Cu nanowires exhibiting a size-dependent ductile to 
brittle transition at diameters of about 300 nm [114]. Therefore, it is clear that thermal 
treatment even at relatively low temperatures of 100-150˚C and sufficient time results in 
major stiffening reaching the maximum possible stiffness of Cu along the wire axis and 
also mechanical strengthening, exceeding 1 GPa at the expense of brittle failure. 
 
 
 
(a) (b) 
Figure 5.14  (a) Rupture surface of Cu nanowire isolated from toluene and subjected to 
150 ºC in 95% Ar – 5% H2 atmosphere for 6 hr. (b) Stress-strain plot from a Cu 
nanowire with an effective diameter of 280 nm exposed to 150°C in 95% Ar – 5% H2 
atmosphere for 6 hr.  
 
In order to determine whether given sufficient time, grain 
recrystallization/reorientation was possible at temperatures lower than 100°C, two 
experiments were carried out with Cu nanowires subjected to 50°C for 6 hr. The 
thickness of the oxide layer for nanowires exposed to 50°C remained below 7 nm after 6 
hr of exposure, indicating formation of a sustainable passivation layer at that temperature. 
The stress-strain curves for the two nanowires resulted in an average composite modulus 
of 111.3 GPa which, in turn, yielded an average modulus of 117.9 MPa for the Cu core. 
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This value was the same as the average Young’s modulus (117±1.2 GPa) of as-grown Cu 
nanowires. The ultimate tensile strength and the failure strain were 1,201±95 MPa and 
2.5±0.3%, respectively. The drastic improvement in tensile strength without reduction in 
overall ductility could be attributed to Orowan strengthening occurring at the boundary 
between the superficial Cu2O oxide islands and non-oxidized core of the nanowires as 
oxide particles retarded dislocation emission and resisted defect mobility such that the 
onset of the dislocation glide required for yielding before ultimate rupture got delayed 
[120]. 
 
  
(a) (b) 
Figure 5.15 SAED patterns (a) obtained at RT before heating; (b) of the same Cu 
nanowire after 45 minutes of thermal exposure to 150°C. 
 
Supporting observations were made through an in situ experiment, where a thin 
Cu nanowire of ~90 nm diameter was heated up in vacuum to 150°C with the help of a 
thermal stage inside a TEM chamber. SAED patterns were obtained from the same areas 
at the tip of thinner nanowire at room temperature, and after 45 minutes of thermal 
exposure at 150°C. Diffraction pattern changes in <110> and <111> directions were 
observed which manifested themselves through periodic clustering of bright spots in the 
<111> direction and spot disappearance and drastic intensity reduction in the <110> 
(220) 
(220) 
(111) (200) 
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direction as shown in Figure 5.15(a) and (b). The exact mechanism of recrystallization of 
the common twinning axis of pentatwinned Cu nanowires requires further studies since 
formation of additional lamellar coherent twinning superlattices along the pentatwinned 
nanowire axis and associated increase in the number of twin boundaries can very well be 
the primary mechanism responsible for both stiffening and strengthening [123]. Cu 
nanowires synthesized through the action of binary interface stresses during non-
templated electrodeposition are known to possess such coherent twinning superlattices 
with a [111] orientation along the main nanowire axis [124]. 
 
5.6    Conclusions 
Near ambient temperature thermal treatment of faceted pure Cu nanowires with 
diameters 300-550 nm was shown for the first time to have pronounced effects on the 
oxidation rate and the mechanical stiffness and strength. Mechanical experiments with 
individual Cu nanowires showed marked strengthening after annealing at only 50˚C, at 
which, the mechanical strength increased from 683±55 MPa to 1,201±95 MPa while the 
elastic modulus remained unchanged. Prolonged annealing at temperatures higher than 
70˚C influenced both the elastic modulus and the tensile strength: pentatwinned Cu 
nanowires annealed in Ar atmosphere at 150ºC and 6 hr, or in air at 100ºC for 90 min and 
at higher temperatures, exhibited elastic moduli closer to the highest single crystal Cu 
stiffness in <111> direction.  
Heat treatment at a variety of temperatures and ambient air distinguished three 
regimes of oxidation. A thin passivation oxide of the order of a few nanometres formed in 
ambient atmosphere and for temperatures up to 50˚C. Exposure to and above 70ºC 
resulted in a Cu2O shell whose evolution followed the Arrhenius equation for thermally 
activated Cu+ migration as the rate controlling mechanism. The resulting activation 
energy range of 0.17-0.23 eV pointed out to increased Cu+ diffusivity due to the dense 
network of GBs in nanocrystalline Cu. Finally, complete oxidation following the 
Kirkendall effect was possible at temperatures higher than 150˚C and for prolonged 
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times, while the evolution of the thickness of the Cu2O annulus did not obey the 
Arrhenius equation any longer.  Figure 5.16 above provides a graphic summary of the 
effects of low temperature annealing on surface oxidation of pentatwinned Cu nanowires 
and the ensuing changes in the effective mechanical strength of the oxidized nanowires as 
well as the mechanical stiffness of the core. 
 
 
Figure 5.16 Evolution of mechanical strength and stiffness, and surface oxide thickness 
of pentatwinned Cu nanowires as a function of low temperature annealing. The Cu2O 
leaves the mechanical strength unaffected, due to strengthening and stiffening of Cu at 
temperatures as low as 50˚C. 
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CHAPTER 6  
 
 
 
CONCLUSIONS 
The results presented in Chapters 2 and 3 addressed the experimental objectives 
set in the Introduction in terms of acquiring compression and shear property data for 
GLAD-based Cu nanospring films. The mechanical property measurements were 
corroborated by SEM images and confocal laser microscopy surface height profiles. The 
compressive and shear stiffness values of Cu GLAD films with different geometric spring 
parameters were converted into moduli and were interpreted based on the details of the 
nanospring geometry. The results were compared with analytical, elasticity-based 
estimates presented in Chapter 4, and that the most effective analytical model in 
capturing the nanospring film response was identified. Finally, Chapter 5 presented a 
thorough investigation of the mechanical properties and the environmental stability of Cu 
nanowires which are the building blocks of the Cu GLAD nanosprings. Individual Cu 
nanowire experiments were conducted with the aid of MEMS tools. Specifically, the Cu 
nanowires specimens were as-fabricated and near ambient temperature air oxidized 
individual pentatwinned Cu nanowires with effective diameters similar to the wire 
diameter of the Cu GLAD nanospring helices.   
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6.1      Compression and Shear Response of GLAD Films 
The compressive behavior of GLAD-based Cu nanospring films was quantified at 
the film (forest of nanosprings) level by axial compression experiments performed on test 
regions with planar dimensions in the range of 150 × 150 µm2 to 500 × 500 µm2.  The 
heights of the Cu nanospring layers were 2.9 - 10.6 µm, resulting in 2.5-10 coil turns. The 
individual springs had coil diameters in the range of 2.5 - 4.1 µm and their wire radius 
was 120 - 230 nm. The compressive film strain was determined from optical microscopy 
images, which ensured accuracy at nm scale. Therefore, the force vs. nanospring film 
displacement curves were not subject to the uncertainties stemming from instrument 
compliance, and their slope provide a representative value for the axial stiffness of the 
entire test region.  
The compressive stiffness of GLAD films from Runs 31-33 ranged between 
270.6±10.2 MPa and 315.2±16.3 MPa, in general exhibiting a decreasing trend with 
nanospring film height that varied between 3.1 - 4.3 µm. The inversely proportional 
correlation between the compressive modulus and the nanospring film height was 
retained for Runs 40-42. For compressive stresses up to 45 MPa, the compressive moduli 
were 301±11 MPa, 248±14 MPa, and 213±11 MPa for nanospring heights 2.9 µm, 5.7 
µm, 10.6 µm, respectively. Compression tests performed at stresses in the range of 110-
120 MPa resulted in irrecoverable deformation only for films with the tallest nanosprings 
(10.6 µm) and the smallest effective compressive modulus (213±11 MPa) among Runs 
40-42. The permanent set at compressive stresses exceeding 110 MPa amounted to 
0.6±0.1 µm, corresponding to 6% of the initial spring height. 
The effective compressive modulus increased with the magnitude of the 
compressive stress, most notably for the tallest springs of Run 42 (10.6 µm), whose 
effective compressive modulus value increased from 231±9 MPa to 251±10 MPa within 
the compressive stress range of 60-110 MPa. The stiffening behavior was attributed to the 
increasing contact between nanospring helices, which was not as severe for short 
nanosprings: a large percentage of the height of the latter was comprised by the end stems 
connected to the substrate and the cap. Unlike other films, an affine relationship between 
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the value of the effective compressive modulus and the applied stress was apparent for 
Run 75 films, which was interpreted as a consequence of the increase in nanospring wire 
diameter reaching 460 nm. The increase in spring spacing of Run 75 films lowered the 
effective compressive modulus to 41±2.5 MPa in the 50-60 MPa stress range. For Run 75 
samples (nanospring layer height of 4.6 µm), the permanent set at a median compressive 
stress of 115 MPa was 0.8±0.2 µm, corresponding to a 17% height reduction. Contrary to 
Run 75 films, Run 90 films maintained a relatively constant compressive stiffness of 
46±1.3 MPa up to 80 MPa compressive stress, whereas their compressive modulus 
increased to 74±3.3 MPa as the compressive stress approached 120 MPa. These high 
stresses resulted in a permanent set of 1.1±0.2 µm, corresponding to 12% of the initial 
layer height of 8.9 µm. 
To put the aforementioned measurements in perspective, the compressive 
modulus of the stiffest Cu nanospring films, 315±17 MPa, was 370 times lower than the 
elastic modulus of Cu nanowires, 117±1.2 GPa, which was measured in this dissertation. 
The nanospring height, the coil diameter and the wire diameter were the important 
parameters controlling the GLAD film stiffness. The compressive modulus followed 
inversely proportional trends with the nanospring height and the coil diameter, whereas 
an increase in the wire diameter resulted in stiffening. Permanent set of the Cu 
nanospring films occurred at quite high compressive stresses (100-120 MPa) that are 
comparable to the yield properties of polycrystalline bulk Cu.    
In-plane shear experiments were carried out with four different Cu GLAD films. 
The maximum applied force in the shear experiments was limited by the shear strength of 
the adhesive used to bond the test area to the loading probe. This limitation did not allow 
the use of Cu nanospring film samples with areas beyond 60 × 80 µm2 to be tested for 
their shear strength. The results established an inversely proportional trend between the 
effective shear modulus and the number of coils turns, namely the height of the 
nanospring layer. The shear modulus values of Runs 40, 41 and 42 were in the 68±5 MPa 
to 179±9 MPa range, exhibiting a relatively stiffer shear response compared to films 
grown on unpatterned Si and W substrates, whose shear moduli were in the 15-25 MPa 
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range [49]. The stiffer response of Cu GLAD films grown on patterned Si substrates was 
attributed to a highly restrained force transfer mechanism at the base of nanosprings 
owing to more uniform coil geometry. With an average shear modulus value of 111±12 
MPa, Run 75 fell right in between Runs 40 and 41, and thus followed the same inversely 
proportional trend with respect to the nanospring film height. Unlike the compression 
experiments, it was not possible to discern the effect of wire diameter on the GLAD film 
shear modulus, due to the narrow range of available wire diameters, as the films from 
Run 75 had only 20% larger wire diameter compared to Runs 40-42.  
The shear strength of Runs 40, 41 and 42 followed a declining trend with 
increasing nanospring height, falling from 63±3 MPa for Run 40 to 51±2.6 MPa for Run 
41 and then to 43±4 MPa for Run 42, as the nanospring layer height increased from 2.9 
µm first to 5.7 µm, and then to 10.6 µm, respectively. The location of the fracture plane 
also changed with increasing height of the nanospring layer although no specific 
correlation could be established. Run 40 (2.5 turn) and 42 (10 turn) films failed near the 
substrate, namely before a half turn of their coils and at a half turn of the coils, 
respectively, whereas the fracture location for Run 41 was at the coils’ 1.5 turn. In 
comparison, nanospring films from Run 75, which geometrically corresponded to an 
intermediate case of Runs 40 and 41 in terms of the coil radius and nanospring layer 
height, had average shear strength of 75±3.3 MPa with the fracture plane located at their 
coils’ first turn. The shear modulus and the strength data presented in this dissertation 
filled a significant gap in previous studies of the mechanical behavior of GLAD-based Cu 
nanospring films. The practical value of these experimental data stems from their utility 
for design purposes in microelectronics packaging applications where the shear response 
of the most compliant layer within a stack is of vital importance. 
The compressive and shear moduli of the Cu nanospring films were also 
compared with existing analytical models following elasticity formulations and 
increasing levels of fidelity in describing the actual boundary conditions of the test 
specimens. A formulation based on the kinetic symmetry assumption of the wire cross-
section, nulling of all degrees of freedom except the extensional one at the upper end of a 
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helical spring, captured in the best way possible the compressive response of nanospring 
films. Surprisingly, this particular formulation was the simplest too. The predicted 
compressive modulus values based on this model deviated on average by 18% from the 
experimental data which may be attributed to the amplifying effect of forest level 
interactions within a nanospring film. The sensitivity analysis conducted with each 
geometric and elastic parameter of this model emphasized the contribution of coil radius 
in controlling the value of the compressive modulus of nanospring films and identified 
the wire radius as an equally important parameter.  
In the case of the shear response, a model based on the assumption of zero angular 
rotation at both ends of a helical spring was the most effective one in capturing the 
experimental trends. This model distinguished itself by the closeness of its boundary 
conditions to the actual boundary conditions. Yet, the deviation of the predictions by this 
model from experiments was at least 33%, which is twice the value encountered in the 
compression analysis. The disparity between the experimental results and the analytical 
predictions was attributed to a more prominent effect of forest level interactions within 
the nanospring film subjected to shear. In contrast to the case of compressive modulus, a 
sensitivity analysis revealed that the coil diameter is not as influential as the wire 
diameter in governing the spring level shear response. 
 
6.2      Mechanical Behavior and Environmental Stability of Cu Nanowires 
Monolithic thin films of Cu have been shown to be prone to thermal oxidation 
even at low temperatures. This background motivated a study in this dissertation of the 
effects of near ambient temperature exposure, i.e. 20-150 ºC, on the chemical stability 
and the mechanical properties of pure Cu nanostructures by means of thermal solution 
grown faceted Cu nanowires. The mechanical behavior was quantified with experiments 
conducted on individual Cu nanowires using a versatile MEMS-based testing method, 
developed before in our laboratory [55-57]. The pronounced effects of near ambient 
temperature thermal treatment on the oxidation rate and the mechanical properties of pure 
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Cu faceted nanowires were shown for the first time through these experiments. Uniaxial 
tension experiments on individual Cu nanowires, annealed at merely 50˚C, pointed to 
remarkable strengthening as the tensile strength increased from 683±55 MPa to 1,201±95 
MPa without noticeable change in the elastic modulus. Prolonged annealing at 
temperatures higher than 70˚C affected both the elastic modulus and the tensile strength: 
Cu nanowires annealed in Ar atmosphere at 150ºC and 6 hr, or in air at 100ºC for 90 min 
and at higher temperatures, exhibited elastic moduli closer to the highest single crystal Cu 
stiffness in <111> direction, which was attributed to the recrystallization of the 
pentatwinned Cu nanowires. 
Thermal exposure in air and under various time-temperature combinations 
distinguished three regimes of oxidation: A thin passivation oxide of the order of a few 
nanometers formed for temperatures up to 50˚C and ambient atmosphere. Exposure to 
and above 70ºC resulted in a Cu2O shell whose evolution followed the Arrhenius 
equation for thermally activated Cu+ migration as the rate controlling mechanism. The 
activation energy values were in the range of 0.17-0.23 eV, pointing out to significantly 
increased Cu+ diffusivity potentially due to higher density of grain boundaries in 
nanocrystalline structures of Cu. It was also established that complete oxidation (i.e. 
conversion of the entire Cu nanowire cross-section into Cu2O) could take place at 
temperatures higher than 150˚C and for significantly prolonged exposure times, due to 
the Kirkendall effect and an associated divergence of the evolution of the oxide annulus 
from the Arrhenius equation.  
The results of this dissertation point out to the mechanical advantage of compliant 
Cu nanospring films for applications such as thermal mismatch strain mitigation. The 
significant material refinement in GLAD nanosprings was accompanied by strengthening 
and resilience to moderate environmental effects as well as intrinsic stiffening at 
moderate temperatures. The beneficial effects of increased temperature, such as nanowire 
stiffening and strengthening, could be retained by preventing oxidation via electroless Ni 
plating of the Cu GLAD films. 
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6.3 Future Prospects 
6.3.1   Mechanical Behavior of Individual Nanosprings 
This dissertation research opened new and interesting questions beyond its 
original objectives, which merit further investigation. A key unknown is the response of 
individual nanosprings such as the one shown in Figure 6.1. Preliminary attempts faced 
difficulties in separating individual nanosprings from 10-µm thick nanospring films due 
to fused growth at the later stages of the GLAD process. Shorter nanosprings with heights 
of the order of 5 µm were easy to separate from their neighbors but their total length was 
not sufficient to be tested with the MEMS devices at hand. Such practical problems could 
be mitigated by GLAD nanosprings with 1-2 µm long straight segments at both ends, 
which would furnish a grip to bond onto the MEMS testing tool. Additional difficulties 
were encountered during isolation of individual nanosprings due to their poor adhesion to 
the tip of the W nanomanipulator inside a FIB. Oxidizing the tip of the W probe or 
replacing it with a material with better adhesion to Cu could resolve this problem. 
Another impediment was the undesirable coating of the gage section of the 
nanosprings during exposure to the ion-beam. Although the gage section of the 
nanospring was not included in the area definition of the deposition material, under Ga+ 
ion bombardment it attracted charged Pt deposition material to itself due to the much 
higher conductivity of copper, as shown in Figure 6.2. Pt deposition using highly 
magnified images that excluded the gage section did not achieve an improvement as the 
distance between the deposition gun and target surface could not be changed at the 
eucentric height of the FIB. A potential solution to this problem could be the use of a 
protective thick polysilicon shield of 20 × 20 µm2 held over the gage section of the 
nanospring during Pt deposition at the grips to prevent an unwanted coating. Finally, the 
gripping sites of the nanosprings on MEMS test devices should be either fabricated or 
post-fabrication milled as sufficiently deep slots to address the issue of load eccentricity. 
The coil diameter can be several microns, as shown in Figure 6.2(b), and the eccentricity 
Figure 6.3, between the nanospring axis and the line of action of the load creates a 
significant bending moment causing out-of-plane deflection of the planar MEMS device. 
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Figure 6.1 A ten-turn Cu nanospring grown by GLAD. 
 
 
 
(a) (b) 
Figure 6.2 (a) Top view of the MEMS test device with a mounted nanospring. (b) Side 
view of the individual nanospring gage section showing the undesirable coating 
forming during Pt deposition.   
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Figure 6.3 Eccentricity between the nanospring axis and the loading axis using a 
surface micromachined MEMS device for nanospring testing.   
 
6.3.2  Torsional Response of Nanospring Films  
Torsional failure of GLAD films is expected to be one of the most severe forms of 
failure. To address this issue, several torsion experiments were carried out during this 
dissertation research with Cu GLAD nanospring films integrated in multilayered stacks to 
form a 1×1 cm2 × 4.25 mm coupons suitable for torsion tests, as shown in Figure 6.4.  
Three samples from each of the 3 different sub-groups of fabrication run 48 were 
tested. The first sub-group was comprised of 3 control specimens (GE-48) whose 
individual layers underwent no special chemical or physical treatment prior to the 
stacking of the coupons. The second sub-group (GE-48-EKC) was subjected to DuPont’s 
EKC chemistry. The third sub-group consisted of specimens which were treated with 
hydrogen peroxide (GE-48-H2O2) before the stacking of individual layers. In addition to 
these 9 samples, 18 samples from fabrication runs 51, 52, 58, 64, 66, 76 and 86 were 
tested in torsion. The sample group GE-51 exhibited significantly high resistance during 
5 µm 
Eccentricity due to 
nanospring diameter  
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thermal measurements done at GE Global Research Center due to its large void content in 
the solder layer. The group GE-52 was subjected to Ar/O2 environment and subsequent 
ion milling whereas the group GE-58 consisted of only ion milled samples. The group 
GE-64 was exposed to aqueous ammonium hydroxide (NH4OH) solution to influence the 
interlayer adhesion, and the group GE-66 was treated with hydrogen peroxide (H2O2). 
Groups GE-76 and GE-86 consisted of samples prepared with proprietary metallization 
processes to enhance the thermal conductivity of the layers adjacent to the compliant 
nanospring film layers.  
 
Figure 6.4 Schematic of individual layers in coupon samples for torsion experiments 
(layer thicknesses are not drawn to scale). 
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Figure 6.5 Torque vs. angle of twist per unit length for a sample from Run #48. The 
linear segment used for the extraction of the slope is shown in red. 
 
Curves of applied torque vs. angle of twist per unit length were generated from 
torque measurements and the values obtained from a differential angle of twist encoder. 
A representative torque vs. angle of twist per unit length curve is shown in Figure 6.5. 
The slope of the linear section of the plot in Figure 6.5 was used in the calculation of the 
effective, coupon-level, shear modulus, whereas the angle of twist per unit length at the 
maximum torque was used to determine the shear strength of the weakest layer of the 
stack.  The test coupons shown in Figure 6.6 were square thus necessitating the use of a 
stress profile analysis applicable to rectangular cross-sections according to reference 
[125]. Specifically, the effective shear modulus, µ , and the shear strength, τmax, were 
calculated by  
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where Tapp is the applied torque, Ω is the angle of twist per unit length, and I and ­ are 
the dimensions of the specimen cross-section, both of which were equal to 1 cm. A 
summary of the measurements obtained by coupon-level torsion tests for different 
treatments are shown in Figure 6.7 and Figure 6.8. Furthermore, the shear modulus and 
shear strength data for all tested coupons are plotted in Figure 6.9 and Figure 6.10, 
respectively. The shear strength decreased for increasing bondline thickness, whereas no 
definitive trend could be established for the modulus. The outlier data points in the shear 
modulus and strength plots are attributed to specimen preparation problems, such as 
premature failure due to high void content of the solder layer, or coupon sliding in the 
torsional bar specimen holders due to planarity issues. Although local fluctuations in the 
fracture plane were observed in all samples, the Cu/Ti/W interface and the adjacent 
solder layer, as shown in Figure 6.11 and Figure 6.13, were identified as the weakest 
links within the layered stack of each subgroup except for Runs 76 and 86. This result 
was verified by extensive energy dispersive spectroscopy (EDS) analyses as well. 
 
Figure 6.6 Torsional bar specimen holders with square pockets fabricated to 
accommodate the GLAD based coupons containing nanospring interfaces.  
Square pocket of the torsion bar 
shaped specimen holder 
Coupon sample as seen from the Si 
side 
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Figure 6.7 Shear modulus of coupons with films from different GLAD Runs tested in 
torsion.  
 
 
Figure 6.8 Shear strength of coupons with films from different GLAD Runs tested in 
torsion. 
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Figure 6.9 Shear modulus versus bondline thickness. 
  
 
Figure 6.10 Shear strength versus bondline thickness. 
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Figure 6.11 Medium-sized void in solder layer (center of image) and adjacent fracture 
plane of a GE-48 sample tested in torsion. A high void content in the solder layer could 
be responsible for the scatter of the shear strength values in Figure 6.10. 
 
 
Figure 6.12 Solder layer and adjacent fracture plane through torn helical Cu nanowires 
of a GE-48-EKC sample tested in torsion. 
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Figure 6.13 Fracture surface of torn Cu nanowires and Cu/Ti/W interface of a GE-48-
H2O2 sample tested in torsion. The limited void content reduced the scatter in the shear 
strength measurements for this particular subgroup as shown in Figure 6.8. 
 
EDS analyses were carried out on both sides of the failure plane of delaminated 
samples of Runs 76 and 86 to determine the composition of the weakest layer within the 
stack of different thin films. As shown in Figure 6.14 through Figure 6.17, the interface 
between the In-Au intermetallic layer (corresponding to the Ni-Au layer in all other 
samples discussed earlier) and the Ti layer was identified as the weakest link within the 
coupon samples of both fabrication Runs, thus limiting the overall torque bearing 
capacity of the coupons. The coupon level torsion tests provided invaluable information 
about the mechanical behavior of nanostructured films after integration to multilayered 
electronic and/or thermal packaging stacks. Future experimental attempts in this direction 
could focus on issues originating in sample preparation, such as non-planarity or large 
thickness variations within individual layers of the stack, and eliminate non-ideal loading 
conditions such as the sliding between the coupon sample and the walls of the torsional 
bar sample holder. 
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Figure 6.14 EDS analysis of the Cu side (left) of the delaminated coupon sample of 
Run 76. ISIS X-ray spectral analyzer detected peaks (right) in the signal belonging to 
species from underlying layers such as Cu, Ti and In. Unlike the energy dispersive 
spectral data obtained from the Si side, Au peaks were not present.  
 
 
Figure 6.15 EDS analysis of the Si side (left) of the delaminated coupon sample of Run 
76. ISIS X-ray spectral analyzer detected peaks (right) from the underlying Si layer. 
The weak Au peaks were present on this side only, whereas strong In peaks also 
registered due to residues of the In-Au intermetallic from the Cu side. 
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Figure 6.16 EDS analysis of the Cu side (left) of the delaminated coupon sample of 
Run 86. ISIS X-ray spectral analyzer detected strong peaks (right) from underlying 
layers such as Cu, Ti and In. Unlike the energy dispersive spectral data obtained from 
the Si side, no Au peaks were present on this side. 
 
 
 
Figure 6.17 EDS analysis performed on the Si side (left) of the delaminated coupon 
sample of Run 86. ISIS X-ray spectral analyzer detected peaks (right) from species in 
the underlying layers. Note that the Si peak is very weak pointing to a higher thickness 
of the In-Au intermetallic layer on this side of the fracture plane, which attenuated the 
Si signal. 
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